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ail 	 FOREWORD
The program described herein was conducted by the Pratt & Whitney
Aircraft Division of United Aircraft Corporation, East Hartford,
Connecticut. Roger M. Hawkins was Project Manager for Pratt &
Whitney Aircraft. The work was performed under management of
NASA Project Manager Mr. D. P. Townsend from June 1965 to
November 1968, and was completed under NASA Project Manager
Mr. L. P. Ludwig of the Fluid System Components Division at Lewis
Research Center.
Because of the quantity of data assembled in the course of this program,
it has been necessary to prepare the report in two parts. Part I contains
the analytical work performed on compressor end and interstage seals.
Part II (NASA CR-72887) describes the results of testing the compressor
seals, and analysis of two improved self-acting compressor seal designs,
and the analysis and testing of the stator pivot seals.
The authors wish to express their appreciation to Messrs. C. A. Knapp,
H. L. Northup, P. E. Nicholich, H. Schaffer., P. R. Lawell, R. E. Turley,
P. A. Rubenstein, and W. J. Walker for their assistance in the prepara-
tion of material for this report. Appreciation is also expressed to Mech-
anical Technology Incorporated for their assistance in conducting an
analytical program contributing to the feasibility analyses of the seals j-F
developed under this contract.
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1. SUMMARY
This report presents the work accomplished under Contract NAS3-7605 from its initiation
on 25 June 1965 to completion of the technical program on 23 October 1970. Specific
a objectives of the program were to demonstrate the feasibility of gas-film riding compressor
end and interstage seals and to demonstrate satisfactory stator pivot sealing. The results of
this program are reported in two volumes: Part 1 is entitled Screening Studies and Analysis
and Part Ibis entitled Experimental Data and Analysis. The pivot seal work is reported in
Part IL
Task I was a concept feasibility analysis program for compressor end seals and interstage
seals. The work of Task I was divided into a screening study and two sets of feasibility
analyses. The screening study determined the most promising concepts and the feasibility
analyses examined the better concepts in some detail. At the end of the first set of feasibility
analyses it was recognized that seal tracking was of critical importance. Estimates at that
time indicated that the combined effects of manufacturing tolerances, thermal distortions
and mechanical distortions would produce a maximum runout of 5 mils in the seal runner,
while gas film thickness was estimated to be a nominal 1 mil. These conditions implied that
the seal would have to be extremely flexible to conform to runner waviness, or that tale gas-
film stiffness would have to be extremely high to support the seat at the high points of the
runner. The analyses revealed that the combined hydrostatic-hydrodynamic (hybrid) gas
film provided the highest stiffness for the operating range. Therefore, variation of the hydro-
`	 static-hydrodynamic concept was used in all selected designs.
In the course of this program it was necessary to identify and analyze seal problem areas
which had received little attention in previously published work on seal technology.
Mathematical models that have general usefulness in seal technology were developed and
analyzed for the following problem areas:
1. Primary ring tracking of seat face runout
2. Self-acting seal geometries
n tx	 3. Seal dynamic axial motion (vibration)
4. Minimum gas film thickness as related to deformation and dynamic effects
5. Leakage and pressure distribution over a narrow seal dam.
Some of the above mathematical analyses are in the form of computer programs (see semi-
annual reports for details) that are useful in seal design (e.g. the self-acting seal computer
program is now being used by various seal manufacturers).
Analysis revealed that the segmented (floated-shoe) seals provided the highest degree of
flexibility. Two conceptswere recommended and accepted for final design and testing.
These two concepts were termed the one side floated shoe end seal and one side floated
shoe interstage seal.
I
I
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Two continuous ring seals were also recommended and accepted for final design and testing.
These concepts were termed the OC diaphragm end seal, and the semirigid interstage seal.
The four seal concepts recommended were subjected to a. final design study and fabricated.
These seals were 27 to 26 inches in diameter and therefore suitable for application to com-
pressors in large engines. Static and dynamic test rigs were also designed and fabricated for
experimental evaluation of the seals. Static tests covered overall seal leakage rates, secondary-
seal leakage rates, static lift-off characteristics, and the dimensional stability of seal compo-
nents under representative pressure loadings. In addition, the effects of actual manufacturing
tolerances on seal behavior were evaluated.
Dynamic testing of the seals was severely limited by mechanical failures of the seals resulting
from difficulties in obtaining and preserving the necessary dimensional tolerances. Since
the basic design analysis techniques developed under the program have been applied success-
fully in smaller seals, it was concluded that the feasibility of large gas-film seals depends on
the following: (a) decreasing seal deformation and tolerance variation through improvements
in seal design, manufacturing and material dimensional stability; (b) decreasing seal sensitivity
to face deformation.
In the final part of the program two self-acting seal concep ts were designed and analyzed for
performance (see Part II). The self-acting concepts were FeA ;ted because testing on main-
shaft seals revealed: (a) that the self-acting concept was far less sensitive to face deforma-
tion than hydrostatic seals and (b) that the self-acting seal had a performance capability far
greater than conventional face seals currently used. Rotors for these self-acting seals were
fabricated and manufacturing of the seal structure is under Contract NAS3-13209.
r
t
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II. INTRODUCTION
The broad objective of Contract NAS3-7605 was to advance the technology of com-
pressor seals toward the forseeable needs of aircraft gas-turbine engines. Gaspath seal-
ing was seen, in. 1965, as a technical area of critical importance to advanced engines.
Subsequent experience in the engine industry has borne out that prediction. Compressor
sealing is, in 1970, a key factor in obtaining improved performance from the multistage
axial-flow compressors utilized in modern aircraft gas-turbine engines. Three important
sources of air leakage from such compressors are tabulated below with their estimated
effect on compressor performance:
Compressor
Leakage Source
	
Air Loss	 Efficiency Loss
f
End Seal	 0.6%
Interstage_Seals (10 Stages) 	 0.9%
Stator Pivot Seals (variable stator)	 0.217o (per stage)
1.0%
1.0%
0.2% (per stage)
Traditionally, improvements in compressor efficiency are sought through refinement of
compressor geometry. Even small improvements can be extremely important to engine
performance, and at the present state of the art they are difficult and expensive to
achieve. The losses in compressor efficiency which are chargeable to air leakage are
large enough to warrant very serious attention.
Radial knife-edge labyrinth seals are normally used for compressor end and interstage
applications. These seals are relatively light in weight, mechanically simple, and can be
made to tolerate limited rubbing contact. However, they must normally operate with
knife-edge/land clearances on the order of .040 inches. The resulting air leakage is indicated
above, and represents a distinct penalty to engine performance. A seal capable of operating
with much reduced clearance and airflow is clearly desirable. The seal should, of course, be
adaptable to the operating speeds, temperatures and pressures expected in flight engines. It
also should be as light in weight and as mechanically simple as possible, although some pre-n,*	
mium can be paid in weight and complexity for the sake of improved sealing.
One possible approach to improved_ sealing is to apply the principles of hydrostatic/hydro-
dynamic bearings to a gas-film-seal. The leakage to be expected with such a'seal is roughly
an order of magnitude less than that of a labyrinth seal, since the running clearances are
very small. In principle, a gas film face seal can operate at very high speeds, accept high
pressure differentials, and utilize materials suitable for a high temperature environment.
Considerable work had been done on the theory of a gas-film and liquid-film bearings
which was applicable to the seal problem, and some experimental work had been done on
small gas film seals.
4
In view of the potential of gas-film seals, the program initiated under Contract NAS
3-7605 emphasized development of gas-film seal technology. It was anticipated that
such seals might very well be more complex than conventional labyrinth seals, but it
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was felt that their potential advantages were important enough to warrant in-depth ex-
jj
amination.	 Since advanced compressors were expected to utilize variable stator vanes
which would present unique problems in shaft sealing under conditions of elevated
temperature, transverse mechanical loading, and limited motion, the program also en- r
compassed work in that area.
The program conducted under Contract NAS3-7605, and presented. in this report, in-
eluded extensive design and feasibility analyses directed toward evaluating and selecting
appropriate seal geometries and design concepts.
	
It also included the detailed design,
fabrication, and test of four gas-film seals and four stator pivot seals.
	
Because of the
rather highly specialized nature of gas film seal analysis, the experience and special skills of
Mechanical Technology Inc. were utilized during the feasibility design analysis phase of the
program.
At the inception of the program, in 1965, it was foreseen that engines for supersonic
transport aircraft would present specific and quite severe compressor sealing require-
ments.	 The engines would be physically large, with correspondingly large components.
Compressor tip speeds would be relatively high, with a corresponding requirement for
high speed capability at the end and interstage seal locations.
	
Compressor pressure
ratio would be moderate, but compressor temperatures and pressures would be relatively
high at the high-speed flight condition. The engine also was expected to utilize variable
angle stators whose seals would experience correspondingly severe operating conditions.
The conditions tabulated below were therefore specified as the basis to be used for
analysis, design, and test evaluation of seals in this program.
End Seal
	 Interstage seal	 Vane Pivot
(27 inch diameter)	 (28 inch diameter)	 Seals*
Cruise	 Take-off	 Cruise	 Take-off
Sliding Speed, ft/sec	 850	 785	 850	 785 1
Air Temperature, O F	 1200
	
680	 1200	 680	 1200 max
Pressure Differential, psi	 80	 150	 25	 50	 135 max
*Pivot movement 13° at 10 cycles per minute with transverse mechanical loading to simulate .
air loading over the full pressure and temperature range.
Although some change of emphasis in foreseeable engine requirements occurred during
the time in which this program was conducted, it should be noted that the require- i
ments for compressor seal speed, temperature and pressure capability have not changed
significantly.	 Many of the advanced engines now under study are for subsonic applica-
tions, but they will utilize high speed compressors with relatively high compression;
ratios. The resulting seal speeds, temperatures and pressure differentials are very comparable
to those tabulated above.
1
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One point of particular interest is that many of the engines presently being studied
have less thrust and are physically mixti smaller than engines required for a supersonic
transport. The large diameter (27-24 inches) specified for the end and interstage seals
in this program probably represents an u»neccessarily severe requirement in current4
terms, since many foreseeable applications of the technology can utilize appreciably
smaller seals. This is particularly important because many problems related to the manufac-
ture and practical use of gas film seals are definitely size-related. For purposes of orientation,
Figure 1 shows a hydrostatic-hydrodynamic compressor end seal. This is similar to one of
the four compressor seals evaluated; the nomenclature is general and applies to all compres-
sor seals discussed in this report.
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M. CONCLUSIONS
Conclusions concerning the seals investigated in this program must take into account both.
the technical potential and difficulties of advanced concepts and the limitations of conven-
tional seal technology. In recent years, there has been ever increasing recognition of the
need for improved sealing of axial-flow compressors to provide higher efficiency and reduced
fuel consumption. Gas-film seals hold the definite promise of an order-of-magnitude reduc-
tion in leakage, as compared to conventional labyrinth_ seals. This is particularly important
in the compressor end seals of presently foreseable engines which will have high compression
ratios and may require end sealing against pressure differentials of as much as 200 psi under
some operating conditions,. Against these advantages, it is clear that gas-film seals present some
distinct problems in manufacturing technology. They will tend to be relatively complex and
expensive, and for the immediate future they may have distinct practical limits in size. This
program provided considerable experience and insight into both the potential and the problems
of advanced compressor seals. The following specific conclusions were reached as a result of
work on the rotating compressor seals:
1. The gas-fibre seal warrants further investigation for end seal applications., but probably
cannot be justified for interstage applications.
2. Analytical techniques are sufficiently advanced to permit satisfactory specification of
the geometry of gas-film compressor seals. This is borne out by the fact that small seals
have operated successfully and their performance has correlated reasonably well with
predicted performance (see Reference 1). However, the operating conditions of advanced
compressor seals require higher temperatures and speeds then the smaller gas-film seals,
'	 so that seal materials and design approaches which are satisfactory for small seals are not
adequate for the fabrication of large flight-weight gas-film compressor seals. In this pro-
gram, it was found that the dimensional instabilities of seal parts introduced waviness and
coning of the primary sealing surfaces to a degree which was incompatible with the gas-
film stiffness and thickness.
3. If dimensional instability and current practical limit;.ttions in manufacturing tolerances
	 " '7
remain unresolved, an order-of-magnitude increase in seal film stiffness will be i'3quired
to achieve desired seal performance.
4. The art of designing and specifying gas-film compressor seals has benefited from improved
utilization of existing materials and manufacturing techniques. Specifically: excessive
chipping of hardcoat material at sharp edges was prevented by providing a thin retaining
	
w'
lip of the substrate; chemical etching within a masked area was found to be the best way
of forming the 0.3 to 0:9-mil hydrostatic steps required in some seal designs; die forming
in quadrants and butt welding was found to be the best way to fabricate thin-strip (6-mil)
O and C: diaphragms, while rolling and spinning techniques resulted in distortion and
	 ?i;
splitting.
5. The mechanical complexity of the floated-shoe seals (with segmented primary sealing
rings) led to excessive ,internal friction_ among the assembled parts and prevented satis-
factory hydrostatic-hydrodynamic performance. It
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6. The OC diaphragm and semirigid seals (with one-piece primary rings) lacked the flexi-
bility to compensate for distortions in the primary ring and runner. Furthermore, hard-
itself produced coning.e one-piece primary rings i s 	 u coating of th	 gg	 p	 p Y1'	 g	 p
The following specific conclusions were reached as a result of the work on the stator vane pivot
seals:
1. The single-bellows stator pivot seal provided significantly better performance than the
spherical-seat seal and proved more readily adaptable to advanced gas-turbine engines.
2. The spherical surfaces of the spherical-seat seal require lapping in matched sets, which
would preclude convenient in-service replacement. Manufacture and quality control of
the spherical surfaces are complicated, and the surfaces did not provide a sufficiently
positive seal when the stator was deflected under load. The concept does not warrant
further investigation.
3. Previously unknown effects of bending moment on vane actuation torque greatly increase
the power required to actuate the stator under operating conditions.
4. Some corminerci,- high temperature carbon materials are not suitable for use as a vane
pivot seal material above 1000°F air temperature.
The following t•ecommendations are based oil the findings of this program:
1. Fo provide successful gas-film compressor seals, examine advanced materials processing
and machining techniques to determine what must be done to achieve better tolerances
and dimensional stability in large-diameter elements having thin sections. Perform tests
to verify promising techniques.
,y
2. Examine the design of gas-film compressor seal elements to determine the design features
which can be adapted to provide better intrinsic dimensional stability, better concentricity
between rotating and stationary parts, and better manufacturing and operational tolerance
limits.
r
Test smaller gas -film corrrpressor end seals of improved design and construction, to better
define the limitations which appear to exist in seal size and determine if gas-film end
r:
seals are applicable to advanced gas-turbine engines in sizes now forseen.	 f=
4. Investigate the use of solid lubricants on the sealing faces to minimize wear and heat
generation during periods of operation when the seal faces are in contact.
5. Consider the application of hardcoat to both sides of large one-piece primary rings and to
the seal runner, to reduce coning. 	 l
pPAGE _NO. 8
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6. Investigate the use of high-temperature self-lubricating sintered materials and solid-film
lubricants for stator pivot bushings and sleeves to reduce actuation torque.
7. For engine applications, redesign the single-bellows stator pivot seal with provision for
in-field replacement of the seal face.
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IV. SCREENING STUDIES OF
COMPRESSOR END SEALS AND STATOR
INTERSTAGE SEALS
The work of Task I was divided into a screening study and a feasibity analysis of the most
promising concepts from the screening study. This section of the report deals with the
screening study, which was subcontracted to Mechanical Technology, Incorporated, of
Latham, New York. The principal investigators there were Dr. D.F. Wilcock, Dr. H.S. Cheng,
and Mr. J. Bjerklie.
It was determined early in the study that analysis of the seal concepts required separate
examinations of the primary and secondary seal configurations. The primary seal was de-
fined as the portion of the seal adjacent to the high-velocity mating surface, or "runner".
Since the primary seal must follow all motions of the runner surface in a close-running seal,
it must be flexibly mounted. The means for flexibly mounting the primary ring in such a
way that leakage around it is prevented or minimized is termed the secondary seal (see
Figure 1).
Since several basic types of primary seals can be combined with each of several types of
secondary seals, many combinations are possible. As a result, many concepts were suggested
for consideration. Therefore, the primary and secondary seal functions were considered
separately in the screening study.
Altogether, 34 combinations of primary and secondary seals were compared in the screening
study. The results of these comparisons are summarized in the Appendix to this volume.
The seal designs included those contained in the request for proposal, those contained in
Pratt & Whitney Aircraft's proposal, those suggested by the Stein Seal Co., and those con-
ceived by MTI during the course of the preliminary screening study. The primary and 	 At
secondary seal types which gave rise to the 34 combinations are listed below:
PRIMARY SEALS
	
SECONDARY SEALS
Hydrostatic Step Seal 	 Hydrostatic-Labyrinth Seal	 Hydrostatic Seal
Hybrid Rayleigh Pad Seal	 Vortex Labyrinth Seal 	 Bellows Seal
Hydrodynamic Seal	 Diaphragm Seal ' 	 Piston-Ring Seal
Spiral Groove Seal 	 Foil Seal	 Diaphragm Seal
In the screening study, each of the 34 designs was rated for its ability to satisfy the follow-
ing criteria;
1. Compensation ability
a. Primary seal tracking
b. Secondary seal friction and balancing
G.	 Thermal distortion
2. Primary and secondary seal leakage rate
	
3.	 Gas film stability
	
` {
	
4.	 Dimensional stability
-H
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5.	 Reliability
a. Fail-safe ability
b. Tolerance to start, stop, and high-speed rub
C.	 Tolerance to foreign particles
d.	 Off-design operation (tracking) at
(1) Take-off
(2) Idling
(3) Wlndmlllmg
(4) Response to rapid maneuver of aircraft
Since both compensation ability and leakage rate were considered essential for satisfactory
operation, designs rated low in those respects were ruled out, regardless of their ability to
satisfy the other criteria.
Consideration of the basic processes at the high-speed primary seal interface led to the fol-
lowing conclusions:
To achieve the desired reduction in leakage (an order of magnitude lower than
labyrinth seals), the film thickness between the runner and the seal face should be
in the range of 0.5 to 1.0 mil,
•	 The film thickness for minimum total power 'loss (compression power loss due to
leakage and shear loss in the film) is in the same ranger 0.5 to 1.0 mil.
•	 At these film thicknesses, the major portion of the heat generated in the film
must flow out through the runner structure for eventual transfer to cooling air.
The runner surface will be about 100°F above the ambie lt.
r
• The primary ring element must be light in weight in order to track runner motions
without diminishing ilm thickness excessively.-The ke	 y parameter is can'
n2
 W m/kf (see list of symbols), the dimensionless ratio of unit dynamic load to
film 'stiffness, which must be less than 0.09 to avoid more than a 30-percent re-
duction in film thickness for a disturbance amplitud e three times the film thick-
ness.
r.
•	 Because of problems of thermal growth and of tracking imperfect surfaces at small
film thicknesses, it is necessary, that the primary seal be either segmented if it is	 Y
rigid, or that it be highly flexible if it is a one-piece single ring.	 V;
I
t
t
1
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• In order to reduce thermal distortion, the seal element must be thermally isolated,
and may require thermal shunting in its design in order to approach an isothermal
condition.
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From an examination of several types of hydrostatic and hydrodynamic primary seals, it ap-
peared that the hydrostatic design was required to maintain the desired clearances, but that
supplementary hydrodynamic action might be used to assist, by providing high film stiffness
at the small film thicknesses where hydrostatic stiffness falls off.
An examination of secondary seal types indicated that the bellows would be impractical at
the large diameters and at the large pressure differentials involved. Hydrostatic, piston ring,
and flexible diaphragm constj:uctions appeared to warrant further study in the feasibility
analysis.
Following a detailed screening based on considerations of operational capability, leakage rae,
seal weight, and reliability, four concepts were selected for the feasibility analysis. These
Cr/
__r. - 
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A. PRELIMINARY CONSIDERATIONS
1. BASIC LEAKAGE RATE
The leakage rate through a small gap with a finite leakage path is given in Equation 1.
	
p	 z
m—U p 2 p2	 1	 124	 (1)µ	 p2
Where
	 m =
	 Mass flow rate per unit width (lb-sec/in 2 )
P2 =	 mass density of the upstream gas (lb-sect /in 4 )
P2 =	 pressure of the upstream gas (lb/in 2 )
pl	 pressure of the downstream gas (lb/in 2 )
h	 =	 gap film thickness (inches)
µ	 =	 viscosity of the upstream gas (lb-sec /in2 )
b	 -	 leakage path length (inches)
The leakage rate due to viscous flow increases with the cube of the film thickness. However,
Equation l is only valid up to a certain thickness. At greater thicknesses, sealing by viscous
action is not effective, and flow rate is more accurately determined by the orifice formula.
Figure 2 shows the basic leakage curves for a face seal under the following take-off and cruise
conditions:
	
Take-Off	 Cruise
p'2 	
350	 200
P, (lb/in2 )	 200	 120
r
}	 T2 (0 F)685	 1200
p (lb-sec/in' }	 4.5 x 10"9	 5.9 x 10-9
b (inches)	 0.5 0.5
L = 7r  (inches)	 86.5	 86.5
For each condition, two curves are shown in Figure 2. The upper curve is based on orifice
flow, and the lower curve on laminar viscous flow. For film thicknesses in the neighbor-
hood of 1 mil, the flow is definitely governed by viscous flow, and for film thicknesses about
10 mils, the orifice curves are more representative. In the region where the two lines inter-
sect, the actual leakage will be slightly lower than is indicated by either line. Note that vis-
cous sealing becomes active at 3 mils and 1.8 mils for the cruise and take-off conditions re- 	 {
spectively. Furthermore, to obtain a substantial leakage reduction compared to the present
labyrinth seals, the new seal must operate in the region of about I mil. These two conclu-
sions, although calculated from these simple relations, were extremely significant in'provid-
ing direction for the screening study and in developing new concepts.
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2. FILM THICKNESS FOR MINIMUM POWER LOSS
If the compressor seal operates at a large film thickness, the extensive leakage will require
A
excess compressor power and reduce engine efficiency. On the other hand, if the film thick-
ness becomes extremely small, the power loss due to seal frictional drag will go up rapidly
and become predominant. Consequently, it is desirable to maintain an intermediate film
thickness at which these power losses are near a minimum.
Figure 3 shows the results of an optimization study for the take-off and cruise conditions.
Two sets of curves are represented in this figure: one for the end seal and the other for the
last-stage interstage seal. The curve labeled "Seal Drag" is common to bothsets, and shows
that power losses caused by drag decay rapidly with increasing film thickness, as would be
expected. The curves labeled "Compressor End Seal Compression Power" and "Interstage
Seal Compression Power represent the calculated power loss attributable to the leakage of
High-pressure air (Reference 2). In calculating the compression power loss, it was assumed
that none of the energy in the lost air would be recovered. By combining these two losses,
the total power loss for a given film thickness was obtained. ,
 For the take-off condition,
the minimum power loss occurs at a film thickness of 0.4 mil for the end seal, or 1.1 mils for
the interstage seal. Similar curves are shown in Figure 3 for the cruise condition, where the
minimum losses occur at 0.6 mil for the end seal and 1.6 mils for the interstage seal.
3 THERMAL DISTORTION
As the first step in determining what thermal distortion problems might arise, a steady-state
{ analysis of the temperature distribution in a segment of a typical circumferential seal concept
HSS-1 in the Appendix was performed. For this analysis, it was assumed that there would
be no temperature gradient in the circumferential direction. The geometry of the segment
and the conditions used are shown in Figure 4. The results of the analysis are shown in
Figure 5.
G	 As indicated in Figure 5, the heat generated by shearing the air film in the gap can develop
a substantial thermal gradient in both the axial and radial. directions.. In order to see if the
axial gradient could be reduced, the analysis was repeated, with the additional assumption
that a thermal shunt would be used on both the seal and the runner. As shown in Figure 6,
the effect of the thermal shunt was toreduce the axial gradient by more than 50 percent in
both the seal segment and the runner.
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Figure 3	 Optimization of Compressor Power Due to Leakage vs. Drag Power Loss for
Take-Off and Cruise Conditions
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Figure 5	 Calculated Temperature for a Floated Shoe Design
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Calculated Temperatures for a Floated Shoe Design Using Thermal Shuilts
When a seal-ring segment and the runner drum are subjected to a high temperature and heat-
ing from the shearing of the air film, the segment radius can increase because of thermal
gradient bowing. An exaggerated picture of the bowing is shown in Figure 7. To check
p	 that the hydrostatic film would perform its sealing function, the amount of steady-state t
thermal distortion was estimated.
1
h o	SEAL SEGMENT
	
—	 a'}	
h1	
t
i RUNNER
S
	
a	 : x++
R	 A = R0 -cos a/R!	 1'
i
R
a/ R
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k
Figure 7 Sear Segment Distortion from Thermal Gradient Bowing
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The film thickness h l
 at the end of a segment where the center film thickness is h o , is given
by
h1 =
	 1 I 110 +(1 —Cos a )	 C^
 Cos a L	 R
R
where C is the difference in radii,
C = S - R.
The runner radius R will increase due to centrifugal force and temperature increase. The seg-
ment radius will increase due to temperature increase and thermal gradient bowing. If we let:
Cm	_	 radial clearance as manufactured (inches)
& C	=	 centrifugal growth (inches)
S t	_	 differential growth due to temperature and material difference (inches)
6 	 =	 radius increase due to thermal bowing (inches)
11	 _	 l— —
	
[ ho + (1 — Cos R )	 (Cm -	 + S t + 8 b )1	 (2)a	 ScCos R
The rotor centrifugal growth is estimated by
2^rN R	 2 R ^ 	 'A:.5C = 0.4 p 60
E
where 0.4 represents an experience factor accounting for the restraint of the hub (steel
assumed).
The differential thermal growth is
S t = _ R (as Ts - ar Td z
The thermal bowing radial change is given by n
s	 = a R2 AT
b	 t
M
4
z
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where
E	 =	 modulus of elasticity (psi)
as =	 thermal expansion coefficient of runner (in/in--°F)
ar	thermal expansion coefficient of rotor (in/in--°F)
Ts =	 surface temperature of segment (OF)
T =	 surface temperature of runner (°F)
AT =	 temperature change across t (°F)
N = runner speed (rpm)
t	 radial depth of segment (inches)
p	 mass density (lb.-sec t /i714 )
If we assume N = 8000, (Tr - TS ) = 25°F, t = 1/h, AT = 20°F, a = 7.5 x 10 "6 , E = 30 x 106,
R = 13.7 5, Cm = 0.001, ho 0.001, and use the same material for segment and rotor
SC = 0.178 inch
St = 0.00257 inch
5  = 0.0568 inch
2- = 0.1455 radian
cos a = 0.9894
R
Inserting these values into Equation 2, the film thickness at the end of the segment (h i ) is
equal to 1.46 mils and the difference between the film thicknesses at the end and the cen-
ter of the segment (h I - ho ) is equal to 0.46 mils. This calculation showed clearly that radial
temperature gradients can cause severe vowing of the segment, and that this bowing call
have a significant effect on the film thickness. 'Furthermore, heating will be concentrated
at the regions of reduced film thickness, which may aggravate the situation. It was noted
during this part of the screening study that these effects could cause thermal instability,
but this question was postponed until the feasibility analysis.
The thermal distortion of a-complete ring is different from that of a segment: under an
axial thermal gradient, a free ring will bend into a spherical surface. For a ring with a radius 	 -
of 13.75 inches, a 0.5 in. 2
 cross section, a coefficient of thermal expansion of 7.5 x 10"6
in/in--°F, and a temperature gradient of 20°F across the ring, the rotation (S) or the cross
section is found to b e
S R (aAT)	 0.0041 radiant
This degree of angular rotation (4 mils per inch) would cause rubbing contact for the 1-mil
film thickness desired for the seal. Therefore,, either the temperature gradient must be re-
duced, or the tendency to rotate must be countered by the angular moment stiffness of the
air film in the seal.
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4. TRACKING DYNAMICS
One of the most important aspects of seal performance is the ability of the primary ring to
track the irregular motion of the runner. This irregular motion may be caused by runout,
initial warping, elastic distortion, or thermal distortion. To determine the exact motion of
the seal ring in the presence of these irregular excitations, it is necessary to carry out a vi-
bration analysis for the segment, considering it as a rigid body capable of moving in all un-
restrained directions. For a continuous ring, it is necessary to treat the problem as an
elastic ring resting on a gas film. This is an elastic foundation problem. However, such a
study would have been too involved for the screening stage, so a simplified one-dimensional
analysis was used to indicate whether the film stiffness would be adequate to allow the seal
ring to follow the runner. The analysis (Reference 2) showed that if the n.tnner deflections
are less than 0.3 times the film thickness, tracking would be satisfactory. This criterion was
used later in the screening study.. when the proposed seal concepts were evaluated.
5. PRIMARY AND SECONDARY SEALS
An examination of the requirements for a low-leakage seal and of the dynamic and transient
motions that it would have to accomodate showed that, in addition to the primary seal be-
havior at the high-speed interface, one would also have to be concerned with some form of
flexible or adjustable support for the primary seal. By definition (in this report) the
supporting and sealing structure for the primary seal is termed the secondary seal (see Figurel).
The motion of the primary seal requires that a secondary seal be made to avoid leakage be-
tween the primary seal and its support. The requirements for both small running clearance
and dynamic motions caused by runout, irregular surfaces, and thermal and elastic growth
dictate that the primary seal must itself be flexible for small motions. For these reasons,
it appeared at the end of the screening study that rigid one-piece primary rings would be
impractical. Rather, the primary ring would have to be very flexible (or segmented) in order
to accommodate small motions.
or,
PRATT & WHITNEY, AIRCRAFT
PWA-4059
B. PRIMARY SEAL BEHAVIOR
The seven basic primary seal concepts are shown in Figure 8. Descriptions and principles of
these concepts are discussed in the following sections. Analyses for these concepts were
•	 based on the assumption of an isothermal and parallel film thickness.
HYDROSTATIC-LABYRINTH 	 HYDROSTATICSTEP SEAL
ORIFICE COMPENSATED
HYDRODYNAMIC	 .
7
SPIRAL GROOVE
HYBRID RAYLEIGH PAD
HYDROSTATIC PAD-LABYRINTH
	 --
Figure 8	 Basic Primary Seal Cohcepts
1. HYDROSTATIC-STEP SEAL
In this concept, a step in the sealing surface is located at the high-pressure {p2 ) side of the	 F.
seal as shown in Figure 9. If the seal tends to close,the resistance to flow in the smaller film
(h l ) increased and causes the pressure to build up in the larger film, providing a positive
stiffness for the gas film. Several pressure profiles across the seal for various film thicknesses
are depicted in Figure 9.
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Operating Characteristics of the Hydrostatic Step Seal
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The pressure distribution in the step seal can be determined by matching the flow through
the step as follows. If the intermediate pressure at the step is designated by p i , the flow in
the upstream section can be expressed (see Equation 1 ), by
.	 v
M = h?
	
-rP2
pi 
2	 3P2 p2	 1	 ( )
24µb2 
and likewise, in the downstream section by
hi	 p,	 2	 (4)
M =	 pipi	 1 -
24pb i	 pi	 }
where:
f
m	 =	 flow rate per unit circumferential length (lb-sec/in'
h2 , h l	=	 film thicknesses of the upstream and downstream section (inches)
p2 ' p i	 =	 upstream and downstream pressure (lb/in' )
b2, b l	widths of the sealing surface as shown in Figure 9 (inches)
p2 , p 1	—	 densities at the upstream and downstream entrances (lb-sec t /in')
--..r - -C IW -	 I
t
{
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Defining the dimensionless load W by
W = 
fo (p-pi)dx
t
	 (p2 -p 1 ) b
and substituting (6) and (1) into (8) one obtains
b	 ^z
1	 2	 x
	
W -	 1 - (1 - ri22)	 - r12 dx
(1-r 
12) b	 o	 b2
2	 2	 2	 (x-b2)	 (9)	 }^
	+ 	 ri2 - r2 - r ^2	 -rye	 dx	 1tN
b2 bi
Integrating with respect to x, one obtains the following expression for the load parameter
	
b 2 	 2(ri22 + ri2 + 1)	 r
I- r1 2	 b-	 3 (rig + l)	 l z
•
^'
	
lb l
 ri'_,	 2 (,,. i 2 + r,i_±_ 1)	t+	 —
b	 3 (r^	 r+ 1)
The actual load per inch of length of seal is, therefore,
(f
Once the intermediate pressure is determined by Equation (5), the leakage rate and load can
be readily calculated from Equations (4) and (9). The film stiffness can be obtained by dif-
ferentiating the load parameter with respect to the film thickness.. One may define ;a gas film
stiffness, Ks, as the change of average film pressure with respect to the film thickness, and it
can be expressed as
K = lb j - dW
	
dhi	 dhi	 (p2 - p1)	
-
I
dw
	
	
_ s
is derived in the Hydrostatic step section of the Feasibility Analysis:The rivativ  dh 
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The variation of the load and stiffness with respect to the step geometry can be seen quali-
tatively in Figure 9. Optimization of the step geometry as well as other primary seal con-
cepts were carried out in the detailed feasibility analysis.
2. HYDROSTATIC-ORIFICE COMPENSATED SEAL
The cross section of an orifice-compensated seal is shown in Figure 10. High-pressure air is
f ' o	 o	 f dth d t+'k14%f 'f	 f A4	 d	 d '	 fe d tm	 a gr ove o wi	 rou	 a seri es o on ices o r a ius a an 	 space	 ci rcum fn -
entially at a distance Q. Either the upstream gas or an external gas supply can be used as the
high-pressure source. The pressure in the groove increases with a decrease of the film thick-
ness because of the lower flow rate and consequently lower pressure drop across the orifice,
and thereby provides a positive film stiffness. The pressure distribution at different levels
of film thickness is seen in Figure 10.
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Figure 10	 Operating Characteristics of the Hydrostatic Orifice-Compensated Seal
The pressure in the primary seal area was determined by matching the flows through the orifice
and through the sealing passages. Letting m 1 and in 	 denote the mass flow rate through
the downstream and upstream sections per orifice, and m 3 the flow through the orifice, the
flow quantities were expressed in the following forms:
h3
ml = --	 p^P. (1 -r 2 )Q	 (10) "24µb2
m	 =	 h3 _	 pP	 (1 -r. 2) R 	 (11)2	 2 '2	 12
r
.
r,?
24µb2
2
rrain
	 = 'CD 	 RT 	 3 G (r	 )	 (12 )P ^
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where for unchoked flow
¢	 k-1	 1^2
	
2k	 UI^	 k
	
G (r► 3^ = u k-1
	
ri3	 1-r ► s
k
2	 k-1
that is,	 ri3 > k+l
r
k
for choked flow G (r B)= v 2k	 2	 k- 1
	
k+l	 k+l
k
2 )k- i
that is,	 r; s	 C	 k+ 1
CD is the discharge coefficient of the orifice and v is the vena contracta coefficient. A graph-
r	 ical representation of the flow function G (rlj ) represents the value of G in Figure 11 for the
pressure ratio p. /p. .
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For continuity of flow,
in	 = in	 + in	 (13)
Substituting (10), (11), and (12) into (13), one obtains	 - -
11 3 Q p2p2	 b	 r.	 2	 -r	 2	 -	 b	 1	 -r.	 212	 2	 12
.'
24 bµ b	 b1	 2
it a2 p3
= 
CD	 G	
(ri3)
, /RT3
which can be solved graphically or numerically for the intermediate pressure p i . It should be
pointed out that the units of the gas constant, R, are in' /sec' - c R. (R for air is 2.47 x 105
in  /sect - 'R.)
Once pi or ri 2 was determined, the leakage rate was calculated by Equation (10) and the
dimensionless load as defined by
b (p-p 1 ) dx
0
W
(P2 - p 1 ) b
can be readily integrated in the same manner as the hydrostatic step seal, using Equations
(15) and (16). The resulting formula was `'. hri
b2 	ri22	 + ri 2	 +	 1
W=
b(1-r12 ) —	 - ri 23	 ri2	 +	 l -
ri2	 r12d	 -
b	 I	 -	
r l a
y
2
b
^ 	 ri2	 2	 r1i	 + rli	 +	 1
IY.
_
+	 b	 1-
 r, 2
_	 _
3	 rl i +	 1	 r> i
1
.,	 z
!	 s	 F
{
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The gas film stiffness was obtained by numeriLal differentiation of W with respect to h,
K = d(W/b)	 dW 
p pS	 dh	 dli	 2	 1
The variations of the load and stiffness with respect to changes of the geometrical dimensions
orifice diameter (a) and mean radius length (d) are qualitatively depicted in Figure 10.
3. HYDROSTATIC LABYRINTH SEAL
The hydrostatic labyrinth seal relies on a series of knife edges to restrict the flow, as shown
in Figure 12. The clearance between the knife edge and the opposite ring is controlled by
feeding a high-pressure gas into the center of the seal ring. Like the orifice-compensated
seal, this high-pressure gas could be taken directly from the upstream gas or from a separate 	 Q
source. Two pressure profiles are shown in Figure 12 for two different film thi gknesses. At
a low film thickness, the high-pressure region extends further towards the exit end and gives
a higher load capacity. The pressure at the center cavity l between the knife edges can be de-
termined in the same manner as the orifice-compensated seal except that the viscous passages
are now replaced by orifice restrictors.
P_
♦ r
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Letting the flow through the upstream knife edges be denoted by m 2 , through the down-
stream knife edges by m l , and through the orifice by m 3 e the expressions for m l , m2 and
m3 can be written as
	
I"'llkp2	 p6
m2 =	 g --'
	
R T2	 p2
4
ChQp 6 	 pl
	
i —	 gm	 1/RT6	 p6
	
_	 ^a2	
p	
p6
In 	 CD /R—T— 3 
G p3
Y 3
Where the function G represents the flow through the orifice (shown in Figure 11). The
flow function g represents the-mass flow through the double knife edges and is shown in an
empirical curve in Figure 13. C is the discharge coefficient of the labyrinth. Again the units
for R are in 2 Jsec2 °R.
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Matching the flow, one obtains the following equation,
7ra2 	 p3	 (p6)Chk	 p 6CD	 L3G+
	 g (
1/RT3 P 2	 p3	 ^/RT2	 p2
Chk (p 6
( p^
(14)
,/RT6p26
Equation (14) can be solved graphically by using Figures 11 and 13 for p 6 , and once p6 is
known, the intermediate pressures between knife edges can be determined by fundamental
fluid mechanics.
P6
`2 1 /2
	
P4	 p2
	
P2	 2
7	 1
p,	
1^°l
	
p s	 , p6
P6 v	 2
•ti.
With P4' ps and p6 known, the dimensionless load becomes
pp1dx
fb
 
P2 _ p1	 b
1	 b2	 d'	 b1 .r.
1 r
	 b	 r42 r12	 + b r62 + b	 r52 - r12
-	 12
and the gas film stiffness can be calculated by differentiating W with respect to h numerically
according to the following expression.
dw
1
KS _ dh	 p2 p1
The effect of changing the orifice size on the load and the y static stiffness is qualitatively shown
in Figure 12.
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4. HYDRODYNAMIC CONVERGENT-FILM SEAL
Figure 14 shows a typical segment of a hydrodynamic seal operating on the principle of an
inclined slider. During operation ; a conve.rgert film is formed and gives rise to circumferen-
tial and radial pressure profiles as shown in Figure 14.
GEOMETRY
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Figure 14	 Inclined Slider Seal Segment
a-
In order to estimate the film thickness at which hydrodynamic pressure becomes significant,
a solution to the pressure was obtained based on the short bearing equation for an incom-
pressible fluid; the additional load generated by the 'iydrodynamic action can be calculated
by
w
AW = 1	 1	 6µU b 2 1	 h2 - 
hl
32(1-r)	 p2	 hi	 k	
^R 
hl
Assuming that the hydrodynamic effect upon the leakage is negligible, the leakage across
each segment can be obtained by integrating the local leakage for differential element. _ The
resulting expression for each segment of length k is
h l 3 k	 2	 h2	 4 i
96µb	 p 2 p2
	
1 ,-r 12 
11	
- 1
i
a
r_
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The static stiffness can be estimated by
K = d (AW) (p - p) = 2OW (p2 p i )a	 S	 dh l	 2	 1	 1i1
Using the following data,
p	 =	 viscosity - 5.96 x 10-9 (lb-sec/in2 )
U =	 surface velocity = 10,000 (in/sec)
b	 =	 width of the seal segment = 0.5 (inches)
Q	 =	 length of the seal segment = 2.0 (inches)
h l =	 smaller film thickness = 0.0005 (inches)
h2 =	 larger film thickness = 0.001 (inches)
p, =	 200 (psi)
P2 =	 350 (psi)
A W = 0.0378
the leakage and static stiffness were found respectively to be 0.0506 lb/sec and 22,600 lb/
in'. In Figure 14, the variation of load and static stiffness with respect to h i
 is also de-
picted qualitatively. Note the extra load capacity at extremely low film thickness which
indicates the desirability of using hydrodynamic action as a protection from bottoming.
5.	 HYDRODYNAMIC-SPIRAL GROOVE SEAL
The hydrodynamic action in this seal concept can be achieved by a band of spiral grooves
located on one surface of the seal. By virtue of the viscous action of the gas, the groove
geometry, as oriented in Figure 15 creates a pumping action which increases the resistance
of the gas flow from the high-pressure to the low-pressure side. At a higher film thickness;
the pumping is ineffective, so that the seal operates like a step seal as indicated by the pres-
sure profile "B" in Figure 15. The pumping action becomes effective as the' film gradually
g	 decreases; in that there may exist a film thickness where the pressure gradient in the spiral
groove region becomes zero, so that perfect sealing will result as indicated by the pressure
profile "C". Further decrease of the film thickness will cause the groove region to act as a -
compressor and produce negative leakages`
It is desirable to determine the film thickness at which no flow will take place. For the,
velocity of 10,000 in /sec, a groove width of 1 /4 inch and a gas viscosity of 5.96 x 10- y
(lb. sec)/in', this film thickness was found to be 263 microinches. This indicates that the
-	 spiral groove seal can be made effective only at an extremely small film thickness. Numerical
programs were available to determine the performance of the spiral groove seal and this
calculation was made in the detailed feasibility analysis.
ft
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Figure 15	 Spiral-Groove Hydrodynamic Seal 	 a
i
6. HYBRID RAYLEIGH PAD SEAL
r
This concept combines the design of a Rayleigh pad seal and a hydrodynamic seal. The
n#$
	 geometry of this seal concept is shown in Figure 16. The sealing is accomplished by a
narrow gap at the low-pressure side. On the high-pressure side, Rayleigh pads are provided
to form a series of circumferential step bearings. At a higher film thickness, the pressure
	 r
generated by the hydrodynamic step bearing is negligible,; and the seal operates like a step
seal. When the film thickness decreases, the hydrodynamic action becomes effective and
the extra load capacity protects it from bottoming.
	 -
To date, there is no exact analysis to predict the performance of this geometry, but a rough
estimate of the load capacity was made by using the infinite step bearing theory. It was	
4
found that an additional mean pressure of 30 psi can be obtained at h 0.0005 inch'
based on the infinite theory. For a finite seal geometry, the load capacity will be considerably
less than this estimate.
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Figure 16 Hybrid Rayleigh Pad Seal
R	 7. HYBRID HYDROSTATIC PAD-LABYRINTH SEAL
The last primary seal concept is also a hybrid type which consists of a labyrinth seal with
intermittent hydrostatic pads for the purpose of controlling the clearance of the labyrinth
and at the same time providing the necessary dynamic stiffness for satisfactory tracking:
The basic per€ormance of this seal concept is quite similar to that of the hydrostatic-
labyrinth seal with the exception that the response of this seal will be more favorable than
the plain labyrinth seal on account of the higher dynamic stiffness.
The analyses developed for the orifice compensated seal and hydrostatic-labyrinth seal
were directly used here to estimate the load, static stiffness, and leakage of this hybrid con-
cept.
8. COMPARISON OF PRIMARY SEAL CONCEPTS
Load and leakage curves were calculated for a typical geometry of the hydrostatic-step,
the orifice-compensated, and the hydrostatic-labyrinth seal concepts. These results
are plotted in Figures 17 and 18. The hybrid Rayleigh pad concept appears to have the best
stiffness. The leakage curves shown in Figure 17 are only for the cruise condition. For the
hydrostatic-step and the hybrid Rayleigh pad concepts (Figure 16), the leakage in the thin
film region is governed by laminar flow, and in the thick film region it is governed by orifice
flow. The leakage for the hydrostatic-labyrinth seal, is always of the orifice type and it is
s	 represented by a single curve inwhich the leakage is directly proportional to the film thickness:
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s
The leakage, ,film thickness, tracking capability, stability, and tolerance to dirt and rubbing
of eacli of the primary seal concepts are compared in Table L. As can be seen from the table, no
one of these concepts had a clear superiority over the others at the end of the screening
study, although the hybrid concepts appeared to be slightly better than the basic concepts,
a	 It was decided at that time that it would be necessary to carry out a more detailed analysis
of each concept before selecting the primary seal concepts for final design and testing.
TABLE I
COMPARISON OF PERFORMANCE OF PRIMARY SEAL CONCEPTS
(Based on Segmented Design)
Radial or
Cruise	 Take-Off	 Film	 Axial Tracking
	 Tolerance
Leakage	 Leakage	 Thickness	 S/h (lb/in3)	 Angular	 to Dirt &
Seal Type	 (lb/sec)	 (lb/sec)	 (in)	 End	 Int.	 Tracking	 Stability	 Rubbing
Step Seal	 0.044	 0.25	 0.001	 0.24	 2.0
	 Low
	
Low
	 Low
Orifice	 0.038	 0.22	 0.001	 0.056	 0.51
	 Low	 Low
	 Low
Compensated
F.	 Hydrostatic	 0.126	 0.350
	 0.001	 Very	 Very	 Very	 High	 Medium
Labyrinth	 Low	 Low	 Low
Hydrodynamic	 0.02	 0.1	 0.0005	 0.128	 1.4
	 Medium	 Very	 Low
Low
Spiral	 0.0
	 0.0	 0.0003	 0.21	 2.2	 Medium	 Very	 Low
Groove	 Low
Hybrid	 0.01	 0.05	 0.0003	 0.21	 2.2
	 Medium	 Very	 Low
Rayleigh Pad	 Low
Hydrostatic	 0.126	 0.30
	 0.001
	 0.22	 2.0	 Low	 Medium	 Medium
Pad Labyrinth
a
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C. SECONDARY SEAL BEHAVIOR
The secondary seal concepts suggested for the screening study can be classified into four
types as shown in Figure 19. The operation and principle of each concept are described in
the following paragraphs.
HYDROSTATIC DIAPHRAGM_[L
C
BELLOWS TVV\/D	 PISTON
RING
® ROTATING PARTS	 k2Z
^--^ STATIONARY PARTS
	
_ 
—CL
Figure 19
	
Types of Secondary Seals
r
1. HYDROSTATIC
As shown in Figure 20, the principal feature of this concept is that both sides of the primary
	
a	 k
ring segments are floated frictionlessly by hydrostatic bearings. This action allows the seg-
ments to track the runner motion freely.
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a
Vertical forces are balanced by limiting the horizontal surface over which p2 acts, and by
applying the downstream pressure (p i ) to the two shoulders. Horizontal forces are likewisebalanced by the insertion of the low-pressure zone on the right-hand vertical face, and the
Idgh-pressure zone on the lower left-hand vertical face. Moment balance may be achieved
by adjusting the shoulder width (b4 ) and the shoulder heights (d and g). Each vertical face
has a restoring force generated by a hydrostatic step. While orifice compensation could be
used, the step construction appears more simple and straightforward in this case.
The clearances of these secondary sealing surfaces should be held at 0.0003 to 0.0005 inch
in order to keep the secondary leakage at a minimum..
2. BELLOWS
The bellows has a unique feature as a secondary seal, namely that it acts as a seal as well as
a spring. But so far, successful applications of bellows have been limited to smaller diameters,
lower temperatures and more moderate pressures. When the requirements become more
severe, the walls of the bellows may buckle under the pressure imbalance between sections.
Advice from Sealol, Inc., indicated that the necessary radial dimension is about two inches,
a figure too large for compact design. For these reasons, it was decided that a satisfactory
bellows could not be designed for the present seal application.
3.	 PISTON RING
The piston ring and spring type of secondary seal construction is the most commonly used
design, at least in face seals. Either one or two piston rings can be used to provide secondary
sealing between the frame and a carrier on which the primary seal ring is mounted. The
piston ring is usually pressure-balanced to yield low friction across the secondary sealing
surface. Minimizing frictional force is important, since friction may prevent satisfactory
tracking of the runner under rotor vibration.
Successful results have been reported by Pratt &Whitney Aircraft in using the piston and
spring design, on jet engine main bearing seals. No great difficulty is anticipated in manu-
facturing large diameter piston rings for the compressor and itnerstage seals, so that the
piston ring design was a strong contender among the list of secondary seal concepts.
4.	 DIAPHRAGM
The function of a diaphragm secondary seal is very similar to that of the bellows. 	 It is a
flexible connector between the primary seal and the car rier. Figure 21 shows a typical
schematic of a primary seal mounted on a U-shaped diaphragm. The flexibility of the
diaphragm allows the primary seal strip to conform to any movement of the runner caused by
runoit, transverse or axial vibration, and thermal expansion. Free-body diagrams showing
the forces acting on the seal strip and the diaphragm can be found in the lower half of
Figure 21. The primary sealing surface is illustrated as the hydrostatic-step type and is
°	 located on the bottom of the strip. The pressure in the sealing area is balanced by the full
pressure acting on the top face of the strip extending to point where the diaphragm begins.
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f	 Figure 21	 Diaphram-Type Secondary Seal
In the horizontal direction, the forces acting on the strip are balanced by a tension member
anchored to the frame. This tension member is located in such a way as to ensure a moment
balance of all forces on the strip.
The diaphragm seal is applicable for both circumferential and face seals. For circumferential
applications, it may be necessary to provide radial slots inthe diaphragm to increase its
flexibility. Secondary foils will be overlayed between slots to prevent leakage through slots.
For radial dace seals, a single-piece diaphragm will be governed mainly by the bending stress
caused by a maximum movement of the primary seal and the direct stress produced by the yt
hydrostatic pressure.
The one-piece diaphragni appears to be attractive from the standpoint of leakage, friction,
and simplicity, but the slotted diaphragm witha secondary foil will definitely introduce
complications_ to the seal system. From the standpoint of dimensional stability and reliability,
the diaphragm secondary seal was considered. desirable because of it's extremely thin structure.
Table II shows a. qualitative comparison of all secondary seal concepts. On balance, the
hydrostatic and piston-ring types appeared more practical than the flexible-diaphragm seals.
k
t
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TABLE II
COMPARISON OF SECONDARY SEAL CONCEPTS
Dimensional
Leakages Friction	 Simplicity Stability Reliability
Hydrostatic Medium
	 Very Low	 Si;niple Medium Medium
Piston	 Medium	 Medium	 Simple Medium Medium
Diaphragm Low	 Medium	 Medium Low Low
Bellows
	 Very LowVery Low	 Medium Very Low Very Low
4
1
4
t
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V. FEASIBILITY ANALYSES OF
COMPRESSOR END SEALS AND STATOR
INTERSTAGE SEALS
The feasibility analyses were conducted in two different phases. The first phase of feasibility
analyses was subcontracted to Mechanical Technology, Inc., of Latham, New York. In this
phase, the four seal designs which ranked highest in the screening studies (discussed in
Section IV of this report) were examined in greater detail. These four designs were desig-
nated the one-side floated-shoe seal, the two-side floated-shoe seal, the thin-strip plus piston-
ring seal, and the thin-strip plus C-diaphragm seal.
The results of the first phase of feasibility analyses indicated that the most promising de-
signs were the one-side floated-shoe seal and the two-side floated-shoe seal. Unfortunately,
these two designs are very similar in concept and construction, and it was judged that both
should not proceed to final design and fabrication (discussed in Part II of this report).
Therefore it was decided to design and fabricate the one-side floated-shoe end and interstage
seals and to start a second phase of feasibility analyses.
Three seal concepts were examined in the second phase of the feasibility analyses: the OC
diaphragm thin-strip seal, the semirigid one-piece seal, and the flexure-mounted shoe seal.
At the end of the second phase of feasibility analyses the OC diaphragm thin-strip seal was
selected for design and testing in an end-seal configuration; and the semirigid one-piece con-
cept was chosen for the interstage: configuration. The flexure-mounted shoe seal was rejected.
Both phases of the feasibility analyses used a labyrinth seal with a mean diameter of 27
inches as a basis for comparison: General design and performance characteristics for the
end and interstage labyrinth seals are shown in Table III. The seal clearance (Primary Film
Thickness in Table III) reflects relatively poor clearance control at the interstage location
due to higher rotor runout and greater thermal and centrifugal mismatch of the runner and
primary ring. The leakage rate for the interstage seal is higher than current engine seal leak-
age because the contract seal analyses assume a 25 psi pressure differential at cruise conditions,
while current engine interstage seal pressure differentials are less than 10 psi.
k	 PRATT & WHITNEY AIRCRAFT
TABLE III
DESIGN AND PERFORMANCE CHARACTERISTICS OF LABYRINTH SEALS
Location End Interstage
Space Requirements Axial •
Length of Annulus (inches) 1.5 1.0
Radial Height of Annulus (inches) 1.0 0.7
Weight Seal Ring and/or
Segments (lbs.) 7.0 5.0
Support Ring and Rotor (lbs.) 13.0 5.0
Total (lbs) 20.0 10.0
Primary Film Thickness
Cruise Conditions (inches) 0,018 0.040 k
Total Leakage
Cruise Conditions (lb/sec) 1.0 2.0
Power Consumption
Cruise Conditions (hp) 0 ^' 0
Manufacturing Complexity
and Cost Low Low
Thermal and Pressure
i'	 Distortion High High
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A. SUMMARY OF PHASE ONE FEASIBILITY ANALYSES
19
	 The first phase of the feasibility analysis resulted in selecting two promising seal concepts
for experimental evaluation. These concepts were the one-side floated-shoe and the two-side
floated-shoe seals. End and interstage versions of both concepts were analyzed. A summary of
the feasibility analysis of these four seal designs is outlined in Tables IV and V. Because of the
similarity in concept and construction, it was decided to proceed with final design and fabri-
cation of the one-side floated-shoe end and interstage seals and to reject the two-side floated-
shoe seals. The complete feasibility analysis of the one-side floated-shoe seals is presented in
Section VD. The complete feasibility analysis of the two-side floated-shoe seals, which were
rejected for experimental evaluation, is given in Section VG. A summary of the feasibility
analysis of two other rejected seals, the thin strip plus piston ring seal and the thin strip plus
C-diaphragm seal, is outlined in Tables VI and VII. The complete feasibility analysis for these
two rejected thin strip seals is presented in Section VG. Section VC describes general design
considerations for the seals selected for complete feasibility analysis.
TABLE IV
DESIGN CHARACTERISTICS OF FLOATED SHOE SEALS
Seal Type One Side Floated Shoe Two Side Floated Shoe
Location End Interstage End interstage
Space Requirements
Axial Length of Annulus (inches) 2.5 2.0 1.5 1.5
Radial Height of Annulus (inches) 2.0 2.0 1.5 1.5
Weight Seal Ring and/or
Segment (lbs) 24.0 25.0 6.0 6.0
Support icing and Rotor (lbs) 36.0 28.0 30.0 20.0
Total (lbs.) 60.0 52.0 36.0 26,0
Primary Film Thickness
Cruise Conditions (inches) 0.001 0.001 0.001 0.001
Total Leadagc
Cruise Condition (lb/sec) 0.06 0.02 0.09 0.03
Power Consumption
Cruise Conditions (hp) 3.8 3.8 3.8 3.8
Manufacturing Complexity
and Cost High High Moderate Moderate
Thermal and Pressure
- Distortion -Moderate High Moderate Moderate
Residual Moment Distortion Low Low Low Low
Tracking Dynamics Distortion Moderate* Moderate* High 1-1igh
Stress Levels Low Low Low Low
* Carrier Resonance Below Idle
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TABLE V
FEATURES OF FLOATED SHOE SEALS
One Side Floated Shoe
Face Seal (Figure 22)
Manufacturing	 Shoes, shoe carrier and seal support
Complexity	 have a total of eleven critical surfaces.
and Cost	 A second piston ring, not used in the
screening study, adds to the cost.
Two piece carrier construction may
also be necessary.
Thermal and	 Face seal are insensitive to centri-
Pressure	 fugal and fifferential thermal
Distortion growth of runner relative to shoe
carrier. Axial thermal gradients
of runner, shoes, shoe carrier and
seal support are critical.
Thermal distortions will be less
than 1/3 the film (secondary or
primary) thicknesses if shoes
have augmented thermal conduct-
itivy.
Pressure loads on structures
are moment balanced.
Refi lual	 Residual moments due to off-
Moment	 design operating conditions are
Distortion transferred to the shoe carrier
through the secondary seals.
Secondary seal film stiffness
will be high enough to support
1 d
Two Side Floated. Shoe
Radial Seal (Figure 47)
The radial seal offers reduced
costs relative to the face seal
by eliminating a separate shoe
carrier and a piston ring secondary
seal. Shoes and seal support
have a total of eight critical
surfaces.
Radial seals must be segmented
and a 0.009" gap between
segments at cruise (0.216"
total gap in the circumference)
allows for a diar. e) ^ al centri-
fugal runner growth of 0.077"
minus 0.008" diametral dif-
ferential thermal growth bet-
ween runner and shoes.
Thermal distortions are less than
1/3 the film (secondary or pri-
mary) thicknesses if shoes have
augmented thermal conductivity.
Lite moment oa .
Tracking Out-of-flatness and misalignment Out-of-roundness and
Dynamics of the runner is accommodated eccentricity of the runner
Distortion by axial motion of the shoe are accommodated by radial
relative to the shoe carrier. motion of the shoe relative
Runner misalignment of 0.005 to the seal support. A runner
inches FIR is easily accommodated. eccentricity of 0.016 inches
Some damping between the FIR may be present, causing
carrier and the seal support is needed film thickness disturbance
to control carrier amplitude when to approach practical limits.
the runner excites a carrier resonance No resonant frequenicies
at a runner speed past below engine are present in the engine
idle. operating range, and damp-
ing features are not needed.
Stress Highest stress levels Highest stress levels are -..
Levels are in the shoe-to-carrier in the shoe-to-seal
and carrier-to-seal support support springs and can t,
springs. Spring stress be held to 40,000 psi !
at the 1200°F cruise at 12000F.
condition can be held to
40,000 psi.,
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TABLE VI TABLE V1I
CHARACTERISTICS OF REJECTED SEAL CONCEPTS FEATURES OF REJECTED SEAL CONCEPTSs
Thin Strip Thin Strip Thin Strip plus Piston Thin Strip Plus
Seal Type Plats Piston Plus C-Diaphram Ring Seal (Figure 49) C-Diaphragm Seal (Figure 51)
Location Ring Seal ( Figure 49) Seal (Figure 51)
ManUtaCtUring Strip flatness tolerances must be Fabrication and joining of C
Space Requirements Axial Complexity extremely close.	 A large number Diaphragm complicates thin
Length of Annulus (inches) 2.5 2•5 and Cost of holes and grooves are required strip flatness control. Primary
F-.	 - for proper air filni stiffness. sea] design requires a large
Radial Height of Annulus (inches) 1.5 1.5 number of holes and grooves.
Weight Seal Ring and/or Thermal and Thermal gradient in "T" Thermal gradient in "C"
Segments (lbs.) 8. 12. Pressure section is critical and may be a section less critical because
Distortion problem. its low wall thickness tends
Support Ring and Rotor (lbs.) 36. 36. to isolate one end of thr. `°C"
diaphragm from the other.
Total (lbs.) 44. 48.
i., Residual Residual moments due to thin Residual moments due to
Primary Film Thickness Moment strip waviness are added to the thin-strip waviness are
^ Cruise Conditions (inches) .001 .001 Distortion moments due to off design operating 'added to the moments dueM conditions. Moments are overcome to off-design operation. To2p Total Leakage by the primary-film moment avoid excessive reduction in
Cruise Condition (lb/sec) .12 .12 stiffness, causinglocal reduction in primary film thickness,
-P primary film thickness. Angular angular flatness deviations
Power Consumption (hp) 6.3 6.3 flatness deviations occurring at must not exceed 0.0025
a wave length of half the seal radians across the width
circumference must not exceed of the seal face.
Manufacturing Complexity High High 0.0016 radians.
and Cost
Tracking Primary film thickness disturbances Primary film thickness dis-
Thermal and Pressure Distortion High Moderate Dynamics due to runner misalignment are small. turbances due to runner
Distortion Runner waviness must be held to misalignment are small. L
Residual Moment Distortion High Hi;^h tolerances similar to values established Runner waviness must he
for thin strip waviness. held to tolerances similar to
Tracking Dynamics Distortion High high values established for thin-
strip waviness.
Stress Levels Low Low
1 Stress Stress levels in thin strip are high- Stress levels in "C" diaphragm
` Levels est at root of "T" section and can be are controlled by thickness.
' controlled by design at the expense Stresses will not exceed 10,000
`
of strip flexibility. Spring stresses are psi if a 0.005 inch thickness is 1
held to 40,000 psi at 1200 0 F. used.
s. 4
' 0-j
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The thin-strip seal designs were rejected in the first phase of feasibility analysis because the
film thickness was inadequate when there was surface waviness or conical distortion of the
thin-strip-and-runner surface. The flexibility, or conformability, of the thin strip with the
piston-ring seal was severely limited by the size of the "T" section required for proper mo-
ment balance. The thin strip with the C-diaphragm is more flexible than the thin strip with
the piston-ring seal, but the fabrication procedures would have made strip waviness more dif-
ficult to control, and the concept had little advantage over the thin-strip-with-piston-ring
seal.
The one-side floated-shoe face seal concept which was selected for experimental evaluation
-consisted of 24 shoe segments supported by a rigid carrier ring (see Figure 22). The shoes are
radially positioned by thin air films on the secondary sealing surfaces and are axially positioned
by the primary seal air film on one side and a shoe-to-carrier wave spring on the other. They
are tangentially positioned by the shoe-to-carrier wave spring. The carrier is positioned
tangentially and radially by four anti-rotation pins on the seal support. Axial positioning was
achieved by 24 carrier-to-seal-support coil springs. Wave-spring deflection compensated for low-
amplitude, high-frequency motion of the shoes; coil spring deflection compensated for the
0.4-inch axial travel of the runner.
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B. SUMMARY OF PHASE TWO FEASIBILITY ANALYSES
The second phase of the feasibility analysis demonstrated that two more seal designs were
acceptable for experimental evaluation. These two concepts were the OC diaphragm thin
strip seal and the semirigid one-piece seal. A third seal concept, which was a flexure-mounted
.,
	
	 shoe seal, was rejected. On the basis of the criteria of Phase Two (Table VIII), the rejected
concept had prohibitively high weight, cost, and complexity combined with a poor residual
moment capability. The remaining pages in this section summarize manufacturing_com-
plexity and cost, thermal and pressure distortions, residual moment distortion, tracking
dynamics, and stress levels for the three seal designs under consideration. The complete
feasibility analysis of the OC diaphragm thin-strip seal is presented in Section VE. The com-
plete feasibility analysis of the semirigid one-piece seal isgiven in Section VF. The complete
feasibility analysis of the rejected flexure-mounted shoe seal is covered under Section VG.
Section VC describes general design considerations for the seals selected for complete
feasibility analysis.
TABLE VIII
PHASE TWO SEALS
Thin Primary Ring	 Flexure Momented	 Semirigid
Seal Type	 With O-C Diaphragm Floated Shoe 	 Interstage
Location	 End (Figure 27)	 End (Figure 53)	 (Figure 36)
Space Requirements Axial
Length of Annulus (inches)	 2.5	 2.5	 2.0
Radial Height of Annulus (inches)
	 2.0	 2.0	 2.0
Weight Seal Ring and/or Segments (lbs)	 18.0	 32.0	 _ 10.0
Support Ring and Rotor (lbs)
	 36.0	 36.0	 28.0
Total (lbs)	 54.0	 68.0	 38.0
Primary Film Thickness Cruise
Conditions (inches) 	 0.001	 0.001	 0.001- 0.015
Total Leakage Cruise
Conditions (lb /sec)	 0.12
	
0.19	 0.02
Power Consumption Cruise
Conditions (hp)
	 6.1	 6.1
	
3.9 .2.6
Manufacturing Complexity & Cost 	 High
	 Very High	 "Moderate
Thermal & Pressure Distortion
	 Low
	
Low	 Moderate
Residual Moment Distortion, 	 Moderate	 High	 Low
Tracking Dynamics Distortion
	 Moderate	 Moderate	 High
Stress Levels
	 Low
	 Low	 Low
The two concepts selected for testing had continuous primary rings, and were based on
opposite approaches to the problem of controlling primary-seal surface distortions. The de-
sign objectives of one of the continuous ring concepts (the OC-diaphragm thin-strip seal)
were to raise the primary ring flexibility to its practical limits and to achieve an ideal force-
and-moment balance of the ring. The primary-film 'stiffness had to be high enough to over-
come initial ring waviness and to force the ring to conform to runner distortion. In-the other
continuous ring seal (the sen-drigid seal) the design objectives were to make the primary ring
and the runner extremely flat and to maintain`
 that-flatness at all seal operating conditions
by maintaining a rigid support with no thermal gradients.
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1.	 MANUFACTURING COMPLEXITY AND COST
Because of its inherent simplicity, the semirigid one-piece seal is the easiest and most inexpen-
sive design to manufacture. The other two designs are about equally intricate and difficult r
to manufacture. Since the spring guides and antirotation pins are common to all configura-
tions, they have been left out of the discussion below.
a.	 OC Diaphragm Thin Strip Seal
The three major parts of this design whichrequire
serious manufacturing consideration are the primary	 - I
seal ring, the O and C spring diaphragms, and the seal carrier (also in Figure 27).
The primary seal ring must be macluned to fine tolerance specifications. It requires pad pres-
sure supply orifices, vent holes, an etched or machined main seal-surface pattern, and close-
tolerance rabbets for spring diaphragm location.
The O and C diaphragms must be formed out of 0.006-inch stock in semitoroidal shape to
close dimensional specifications. Each diaphragm has two flat ends which are welded to
thin disks to form the required O and C shapes. The spring assemblies are then welded onto
the seal ring on one side and to the carrier on the other. Air passage holes to provide air feed
to the seal surface must be included in each spring assembly.
The seal carrier requires close dimensional tolerances to maintain concentricity between car-
rier and seal ring. Air feed and vent holes must be drilled and a piston-ring groove machined
to fine squareness tolerances. In addition, tabs and slots must be provided for the springs
and antirotation pins.
^I
b.	 Semirigid One-Piece Seal	 -
The semirigid primary seal consists of one major part, which
A
- ;
serves the combined function of the seal carrier and primary r
seal (also see Figure 36)._ The primary ring contains one row
	 __	 I —
with a	 seal face	 to be etched in orof pads,	 primary	 geometry
f
machined. For ease of assembly and weight reduction, only
the piston-ring groove side (against which the piston ring rests, providing the secondary seal) A
is continuous. The back side of the groove is machined out, leaving only 24 tabs for piston-
ring retention., Squareness and_ring distortions must be kept within a very 'fine tolerance. E4
range. Considering, however, the fact that the ring is;
 fairly rigid and continuous, the fine
tolerances required can be achieved with relative ease:
	 -t
c.	 Flexure-Mounted Shoe Seal
The mayor components of the flexure-mounted shoe seal (also see
Figure 53) to which manufacturing consideration must be given
are the seal shoes, the shoe-support tab, and the seal carrier. 	 ---
L
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Twenty-four seal shoes are to be manufactured and individually finished to close dimensions.
Prime seal surface patterns are either etched or machined into the shoe seal face. Vent holes
and air supply holes must be drilled in each shoe separately.
Each shoe-support tab must be individually finished and welded onto each individual shoe.
N
The tab-shoe assembly is then centered on the carrier, within fine tolerance limits, and the
tab's free end welded onto the carrier. x
The seal carrier is composed of two parts requiring good centering and squareness tolerances.
Twenty-four holes to clear the axial preload springs are to be drilled into the carrier ring.
The carrier must also be provided with two piston-ring grooves finished to close squareness
tolerances.
2.	 THERMAL AND PRESSURE DISTORTIONS 4
The thermal and pressure distortions of the OC diaphragm thin strip seal and the flexure-
s
mounted shoe seal are small, and should not appreciably affect their performance. Distortions
in the semirigid one-piece seal are somewhat larger; but should still be within tolerable limits. k
a.	 OC Diaphragm Thin Strip Seal
The maximum amount of bowing due to the temperature gradient on the seal ring in the
axial direction is estimated to be 30 microinches. This is an extremely low value and should
not affect seal performance. The tilt angles caused by the restraining effect of the spring F
- diaphragms resulting from thermal gradients are calculated to fall between 0.2 and 0.6 milli-
radians. The 0.6-milliradian value is based on a very onservative ass umption. This tilt angley	 p	 g
will result in a minimum film clearance of 0.00075 inch and should not seriously impair seal
performance. Y
b,	 Semirigid One.-Piece Seal
f
The calculated axial thermal gradients in the seal ring yield a tilt angle of 3 milliradians. The
primary air film data generated so far does not cover tilt angles in excess of 2 milliradians. i
However; extrapolating the presently available da.ta, it appears that film thickness and air'
leakage flow at atilt of 3 milliradians may still-be satisfactory. The major problem arises #
from a reduction in film stiffness which may seriously affect the tracking capability of the
>	 seal. The distortions due to pressure manifest themselves primarily in the form of residual r
moment imbalance. The resulting tilt angle due to the calculated residual moment is -0.15
mlliradian. This tilt angle acts in a direction opposite to the thermal tilt, but to be conserva-
tive, its net effect can be assumed to be negligible. {
- C.	 Flexure-Mounted Shoe Seal 	 -	 -
As a result of axial thermal gradients in the shoes, the seal face bowing is conservatively esti-
1
mated to be' 35 microinches. The effect of this degree of bowing can be considered to be f
b ;	 negligible. Reductions in shoe-to-shoe clearance resulting from differential thermal growth 3,
and pressure are calculated to be 0.0024 inch. 'Starting with a design clearance of 0.004 inch,
the final hoe-to-shoe clearance at cruise will be 0.0016 inch. This clearance is sufficiently
large to prevent shoe-to-shoe contact.
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'	 3.	 RESIDUAL MOMENT DISTORTION
In the preliminary design phase, particular attention was paid to the fact that lightweight,
large-diameter seals operating on the gas-bearing principle have low angular stiffness. Conse-
quently, attempts have been made to keep the residual unbalanced moments caused by gas
pressure forces at tolerable levels. The residual unbalanced moment occurs as a result of
change in operating conditions which alters the pressure centers on primary and secondary
seal surfaces.
The residual moment in the semirigid seal is counteracted by the internal seal ring stiffness.
In the thin strip seal concept, the residual moment is transmitted directly onto the gas film,
tilting the seal ring until a restoring moment equal and opposite to the residual moment has
been established. In order to find a common base for comparing the residual moment cap-
ability of the seals at cruise conditions, one can find the residual moment required to tilt the
seal sufficiently to produce the same minimum film thickness on the seals. For this purpose,
a minimum film thickness of 0.0005 inch was assumed arbitrarily for all seals.
A summary of the residual bending moment capabilities of the seals is given in Table IX. The
semirigid seal has by far the greatest tolerance to residual bending moments; the OC diaphragm
thin strip seal is next; and the flexure-mounted shoe seal runs a poor third. Because of its
negative fhl-stiffness characteristics, the flexure-mounted shoe seal might actually become
unstable before the minimum film thickness were reached.
TABLE IX
SUMMARY OF RESIDUAL BENDING MOMENT h
CAPABILITIES OF THREE SEAL CONFIGURATIONS*
End Stage	 Interstage
Positive Bending"	 Negative Bending**	 Positive Bending	 Negative Bending
Residual
	
Tilt Angle	 Tilt Angle	 Tilt Angle	 Tilt Angle
_Seal	 Moment,	 a	 Mres	 a	 Ares	 «	 Mres	 «'
Configuration	 (in-lb /in) 	 (radx 10 3 )	 (in -lb/in)	 (rad x 103)	 (in-lb/in) (rad x 103 )	 (in-lb/in)-(rad x 103)
OC Diaphragm Thin Strip
Seal	 1.65	 1.3	 -2.0	 -1.25	 1.25	 1.2	 -1.2	 -1.15
Flexure-Mounted Shoe
Seal	 Unstable	 2.0	 l	 -1-.25	 0.70***	 1.5	 -1.2	 -1.15
r
Semirigid One-Piece Seal 	 7.64+	 2.0+	 •4.20	 -1.10	 7.54+	 2.0+	 -5.35	 -1.40
* Based upon'a 50 percent reduction in minimum film thickness =
** The positive sense corresponds to a positive variation offilm thickness
dth'seal radius
*** On threshold of instability
.+z	
i
a'.	 OC Diaphragm Thin Strip Seal
In the positive direction (i.e., that which causes a positive variation in film thickness with k
seal radius Reference 3 n 7 et. se	 the moment required to produce a minimum filmI	 ^	 ^ ^ •	 q•)^	 q ^	 p ,	 .
thickness of 0.0005 inch is 1.65 in4b/in for the end seal and 1.25 in-lb/in for the interstage
seal. The tilt angles are 1.3 and 1.2 mi1_liradians, respectively. On the negative side, the T
moment for the end seal is -2;0 in4b/in, and for the interstage seal it is -1.2 in4b/in. These
moments produce -tilt angles of -1.25 and -1.15 milliradians, respectively.
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b.	 Semirigid One-Piece Seal
In the, positive direction, there is no decrease in minimum film thickness up to tilt angles of
two reailliradians, and no data is available beyond that point. Taking into account the bending
y	 stiffness of the seal (3.82 in-lb/milliradia.n), the seal. is capable of static operation with 7.64
in-lb ,,residual moment without exceeding the minimum film thickness for the end stage at
cruise:;. A very similar situation exists for the interstage seals. In the negative direction, the
tilt angle required to produce a minimum film thickness of 0.0005 inch is -l. l milliradians
for the end seal and 4.4 milliradians for the interstage seal. The residual moments required
to induce these tilt angles are -42 in-lb and -5.35 in-lb, respectively.
e.	 ;Flexure-Mounted Shoe Seal
,	 um restoring moment capability is only about 0.6 in-lb/in. ThisIn the end seal the maxim ~
maximum is reached at a film thickness of 0.7 mil and a tilt angle of 0.9 milliradian. At
higher tilt angles, the angular stiffness is reduced. The interstage seal exhibits similar charac-
teristics at aifilm thickness of 0.0005 inch, where the restoring moment is at its maximum,
0.7 in-lb/in, producing a tilt angle of 1.5 milliradians. The negative residual moment values
are about the same for both end and interstage seals as those given for the OC diaphragm thin
strip seal.
4.	 TRACKING DYNAMICS
The results of the tracking 	 Y	 are p ana lyses	 resented in Table X. As can be seen from that table,
the tracking capability, of the semirigid one.-piece seal is rather limited, while the other two K
seals have good tracking characteristics, as shown by their higher minimum film thickness.
TABLE x F..'
TRACKING CAPABILITY
Minimum Film Thickness
Initial Displacement Modes	 Combined
n = 0	 n= 1	 n= 2	 Distortions -.-
( m i l s)	 (mils) '	 (mils)	 (111ils)
End Seal
OC Diaphragm Thin Strip Seal	 0.94	 0.98	 0.92
FlcxUre-Mounted Shoe Seal	 —	 0.98	 0.95	 0.92
Semirigid One-Piece Seal 	 0.99	 0.90	 0.90	 0.85
I
fia
Interstage Seai
OC Diaphragm Thin Strip Seal 	 0.92	 0.97'	 0.89
Flexure-M0u11t0d Shoc Seal 	 —	 0.95	 0.92	 0.88
Semirigid One-Piece Seal 	 0.94	 0.95	 0.86t.	 0,73
a.	 Conical Distortions (n = 0)
x
The contractor has made no checks on the OC diaphragm and flexure-mounted shoe seals 17.
for the conical distortion, since seal face tilt caused by therrrlal coning is negligible in these.;
designs. c	 :.
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In the semirigid one-niece seal, thermal coning is to be expected in the seal face. The track- j
ing analysis was performed under the assumptions of no axial periodic distortions and a seal
tilt angle of 0.4 milliradians. For the end seal, the minimum film thickness was determined {
to be 0.99 mil, and for the interstage seal, its value was 0.94 mil. An increased tilt angle ,.
would produce a decreased film stiffness, however, rendering the semirigid one-piece seal
more sensitive to rotor wobble and saddle-shaped distortions than the other two designs.
b.	 Rotor Wobble (n = 1)
For this analysis, a rotor face runout of 0.003 inch was assumed. The tracking capability
of the three configurations appears to be equally good for this type of distortion. In no
case does the film thickness decrease by more than 6 percent (60 microinches).
t
C.	 Saddle-Shaped Rotor Distortion (n = 2)
The semirigid one-piece seal displays higher sensitivity to saddle-shaped distortions than the tj
other two configurations, exhibiting a 10-percent reduction in film thickness in the end seal
design and a 14-percent reduction in the interstage design. In order to ensure the successful
operation of this seal, the saddle-shaped distortions of the seal and runner must be con- j
trolled so as not to exceed 0.001 inch.
d.	 Combined Results r
The combined results shown in Table X were derived by assuming that distortions in all k
three modes were in phase and directly additive through superposition. The semirigid one- j
piece seal shows the worst tracking capability, but since second-mode distortions are the
principal causes of its low film thickness, an improved safety factor can be built into the de-
sign by strictly controlling the initial saddle-shape distortions.
5.	 -STRESS LEVELS
	
_ t
Because of the preliminary nature of the designs, stress calculations were confined to the
most critical primary seal elements and were performed for cruise conditions only. All the
stresses examined were extremely low, and buckling safety factors were found to be high,
introducing no problems to the design.
r.
Stress levels in the seal runner of the OC diaphragm thin strip seal were found to be between x
3.6 and 2.7 ksi (tension). The safety factors in buckling for the seal ring in the lowest plate
and ring modes are 4.3 and 7.6, respectively.
In the flexure-mounted shoe seal, tensile stresses were calculated to be 12.3 ksi. No further
i
stress, calculations were performed on this configuration. t
The principal stress in the semirigid one-piece seal was found to be less than 3 ksi (compres-
sion). The buckling safety factor was about 18.
Coil spring stresses in all seal designs will be held to 40,000 psi at 1200°F.
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C. GENERAL DESIGN CONSIDERATIONS FOR THE SELECTED SEALS
Some general considerations were common to all the seals subjected to the feasibility analy-
ses. These considerations were wear and rubbing life, tolerance to foreign particles, and
materials. Since these factors were common to all the concepts examined, they are grouped
together here and not repeated under the discussions of the feasibility analysis of the indivi-
dual seals.
1.	 WEAR AND RUBBING LIFE
Under ideal conditions there should be no wear or rubbing during full-speed operation.
There will be initial and terminal operation rubbing because hydrodynamic lift-off is used.
In practice, however, there must be protection against momentary contact, which may oc-
cur at high speed. Thus, material at the seal faces must be properly chosen to ensure suf-
ficient life.
2.	 TOLERANCE TO FOREIGN PARTICLES
Y
Tolerance to foreign particles is a function of allowable movement of a seal ring or segment
in clearing the particle out of the gap. The maximum easily tolerable movement is about
0.005 inch. Particles in the primary seal can equal the above dimension plus the thickness
of the gap, giving a tolerable particle size of 0.006 inch diameter.
The other seal surfaces are essentially stationary with respect to each other, so particles of s
about 0.0003 inch, diameter will pass through, and larger ones will be trapped in the hydro-
static air supply pockets or at the leading edge of the secondary seal ring.
Large particles would only cause a slight increase in leakage if it were, by remote chance,
possible for them to enter the gaps at th.e secondary seals. 7
The entrance passages to the seal can be designed to reduce the possibility of large particles
ever coming dear the seal. i
3.	 MATERIALS
All of the seal designs can utilize Inconel X-750. However, the seal segments and the semi-
rigid seal must have higher thermal conductivity so that temperature gradients can be held
to an acceptable minimum. All nearly stationary parts that could toucli any other surface
must have an antigalling surface.
The primary seal face material should be a high-temperature carbide or oxide, especially if i
E	 hydrodynamic lift-off is used. The most promising primary seal face materials were selected
during the feasibility analysis for each seal. -Compatible seal runner facing materials were ^-
also selected at this time.
^ s
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D. FEASIBILITY ANALYSIS OF THE ONE-SIDE FLOATED-SHOE SEAL
1. DESCRIPTION
The one-side floated-shoe seal is a face seal consisting of a stationary ring of seal shoes acting
against a rotating runner attached to the compressor rotor. End and interstage versions of
the feasibility designs are shown in Figures 22 and 23. The seal concept evolved during the
feasibility analysis is shown schematically in Figure 24. The primary seal is between the
stationary seal shoes (B) and the rotating seal runner. (A). Since this is a face seal, the flow
is radial, from the outer edge to the inner edge. The secondary seals are the seal rings (D)
and (F). Since the seal shoes, the seal carrier (E),, and the seal support (H)are not rotating
parts, the secondary ring seals (D) and (F) are basically static seals. Seal ring (D) is held in
place against the carrier (E) by the wave spring (C). It should be noted, however, that the
ring seals are required to accommodate small motions caused by vibrations and thermal
distortions.
I	 ^
HIGH	 LOW	 PISTON RING
PRESSURE	 PRESSURE
_	 _	 I
I
i	 QQ	 SEAL RING
SEAL CARRIER	 i I	 WAVE SPRING
SEAL CARRIER STOP
TORQUE PIN	 SEAL SUPPORT	 TORQUE LUG	 ^-
	
HELICAL COIL SPRING SPRING GUIDE _	 SECTION THRU SEAL SHOE
EN D
 SEAL SHOWN IN TEST RIG
r
SEAL SHOE
SEAL SEGMENT RETAINER
I ENLARGED END VIEWLAP JOINT
	 SHOWING SEAL SHOESBETWEEN SHOES
i
Figure 22 One-Side Floated-Shoe Compressor End Seal
As a compromise between allowable distortion and manufacturing error on the one hand
and number of parts on the other the number of sealing shoes was set at 24. The seal shoes
were designed to be floated at surface (c), since they have to move to accommodate most
of the oscillating motion between the seal runner and the seal carrier. High-pressure air for
hydrostatic lift flows through passage (I) in the shoes and passage (J) in the carrier is provided
as a low-pressure vent. `
	 I
.	
1.
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Because of the air film between the seal shoes and the seal runner can provide effective seal-
ing only when the surfaces of the two parts are close together, a labyrinth seal (K) was pro-
vided in the initial feasibility design to reduce leakage in situations where the two surfaces
were separated. However, it
	 as found that the o'
	 w	 L	 c il spring G would ke ep the surfacesp	 a	 p	 g (	 )	 ,.
close enough for effective sealing, so the labyrinth seal was not used in the Task II seal design.
Designed as a complete ring, the purpose of the carrier (E) was to accommodate the gross
axial movements of the compressor caused by thermal growth. Thus, the carrier was free to
move axially against the coil springs (G), sliding on the split ring (F), which also provided
sealing between the carrier and the seal support (H). The sealing ring (F) was designed with
a small end gap to accommodate any slight out-of-roundness and thermal growth.
The concept shown in Figure 24 can provide several basic desirable characteristics. The only
parts of the carrier requiring close tolerance control are the curved surface on which the
seal shoes float and the flat surface on which the seal ring (D) pushes. The curved surface
has to be smooth (about a 16-microinch finish) and round to within 0.0025 inch total indi-
cator reading, while the flat surface need only be smooth. The segments must be smooth
on all sealing surfaces, flat on the primary seal face (to within 0.0002 inch or less), and
circular on the floated surface and seal ring surface. The segment's inner surface and face
must be square. The runner must be smooth. However, these surfaces are relatively easy to
control.
The interstage seal is essentially similar to the end seal, except that it faces aft instead of
forward. The pressure differential is less than for the end seal, since it is only the differential s;
across a single compressor stage rat:aef than across all compressor stages. The mounting
ring is necessarily different for the interstage seal because of the short space between coin-
pressor disks. However, the springs and piston rings are similar.
The basic simplicity of the seal design allows the seal to be assembled outside the engine
and then fitted onto the support ring, which has already been mounted in the engine. It
appeared that servicing in an engine would consist of complete disassembly and inspection
of primary face seals, floated surfaces and seal ring faces for wear, inspection of antirotation
-	 pins and lugs and seal rings for wear, and inspection of seal ring spring and carrier springs
for checking or fretting.
2.	 PRIMARY SEAL SELECTION
Three candidate primary face seal types were considered — the hydrostatic step seal, Figure 9,
the spiral groove seal, Figure 15,; and the shrouded hybrid Rayleigh pad seal, Figure 16. The
spiral-groove seal looked promising in the screening study, but when it was determined that
the primary seal would have to be segmented, the spire-groove seal was eliminated. Ina
segmented seal, only a fraction of the sealing ring car., 1•fe covered with effective ;spiral grooves;
only 
	 few grooves can be placed on each segment, and the ends of the segments cannot be
grooved because the segments must terminate in a land. These restrictions on grooving reduce
the spiral-groove seal's film stiffness and load capacity to unacceptably low levels.
_
;	 x
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The initial feasibility design work was performed on the assumption that the hydrostatic
step seal would be used, but this concept was finally rejected because it has a rather low film
stiffness, which peaks at a film thickness of about 0.4 mil, which is within the expected
operating range of the seal. The load capacities of the hybrid Rayleigh pad seal are com-
pared in Figure 25, and their film thicknesses can be inferred from the slope of the load-
capacity curves. (A high negative slope indicates a high positive film stiffness; a low nega-
tive slope indicates a low positive film thickness.) As a consequence of the hydrostatic step
seal's low film stiffness at low film thicknesses, a relatively small increase in perturbing force
will cause the primary ring to touch the runner. This condition must be avoided.
1.2
2
Q -1.0
CL
a
CJ
v
a_
c^
J
r yWWJ
0.8W
W
-- Q
0.6
FILM THICKNESS-MILS
Figure 25 Dimensionless Load Capacities of hybrid Rayleigh Pad Seal
r
The hybrid Rayleigh pad seal was eventually selected,since it exhibits the major attributes re-
quired for arimar face seal:p. _	 y	 good lifting force at low clearance, increasing stiffness as
clearance decreases, low leakage rate, and relative ease in forming the steps on the surface,
3 FORCE AND MOMENT BALANCE
	 t. r
r	 Forces and moments were balanced using dimensionless load and center-of-pressure curves
for hybrid Rayleigh ad seals. Since nearly complete freedomY p
	Y	  	 d  can be Fgiven to the radial posi-
tion of the secondary seal ring (D in Figure 24), and to the axial position of the floated-shoe
seals, any of the primary seals shown in
.
`Figure 8 can be balanced. The end and interstage de-
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signs were balanced for a hybrid Rayleigh pad face seal, however. The axial movement of the 14	 1 V
seal due to runner runout is a maximum of ± 2.5 mils. Because the shoes can slide under the
secondary seal ring, movement of the seal causes a maximum unbalanced moment on the
`f
shoe of 8 x 10 -4 in-lbs. The imbalance can easily be taken u 	 b	 a slight shift in the angle ofp Y	 ^	 ^
surface C (Figure 24) with respect to the carrier. The required angular change results in a
shift in working clearance of ± 0.04 mil under each sealing surface. ;.;t
4.	 LEAKAGE
Leakage past the seal was calculated for the hybrid Rayleigh pad design used on the primary
seal, and hydrostatic step seals between the seal ring and the shoes and between the shoes and
carrier at the floated surface (c). The calculated leakages are tabulated below and compared
to the leakage past the current labyrinth seals used in the corresponding positions.
Leakage (pounds per second)
Interstage	 Labyrinth Seal
End Seal
	 Seal	 End	 Interstage
Cruise
Primary 	 0.0142	 0.0025
Secondary	 0.0050
	 0.0008
Segment Gaps
	 0.0390	 0.016.5
Total
	 0.0582
	 0.0198	 1.07	 2.02
Take-Off
Primary
	 0.0825
	 0.0140
Secondary	 0.0381	 0.0180 ?..,
Segment Gaps	 0.0800	 0.0310 - }
Total
	
0.2006	 0.0630	 2.50	 5.20
5. `
	 DYNAMICS
w
4
The dynamic model of the seal assembly is represented below in Figure 26.
- CARRIER SPRING 	 X1	 X2	 X3
I	 K, K2 K3
CARRIER
M2
-AAW-1
r
M1 SHOE
FILM R;
C
t ^>;..
-^	 SECONDARY SEAL
SUPPORT	 RING SPRING	 RUNNER t
Figure 26	 Dynamic Model of One-Side Floated-Shoe Seal
r
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The damping, C I is shown dotted since it is not immediately considered. The solution to
natural frequencies and amplitude modes for the undamped system leads to the following
expressions:
X2	 K3
X3
	
K+ K 1— 
K2	
1 -cc 2 M
3	 2	 M W2	 2
K2 + K1 - 1
X 1	 K2	 g
X2	 (K2 + K1- M 1 W2)
Kl + K2	 K2 + K3
	K1 K3 + K2 K3 + K1 K2
W4 W2	 +	 +	 _...
M 1	 2
	
M I M 2
This solution is identical to that given on p. 103 of Reference 4. ;r
Values of K 1 , K2 and K3 were established at 3, 100, and 4640 pounds per inch per inch of
circumference, respectively. The value of K l was selected as that value required to give a
force sufficient at 0.2 inch carrier spring compression to overcome static friction at the
carrier seal ring as it presses against the seal support when the engine is at speed. The 0.2
inch spring residual compression at the extreme position allows the nominal force in mid
position and at the opposite extreme, position to be so small as to,
	 little effect on the
film thickness at the primary seal. It should be noted that the spring could be softer, but
have more residual compression and maintain the same effect. As will be noted later, this
spring does not affect the response of the shoe to the runner movement very much, nor does
it have much effect on the natural frequencies of the system. Consequently, the real limits
of Kl are those of design ease.
The value for K 2 was established on the basis ofnatural frequency at around 100 to 1000
pounds per inch per inch of circumference. Small variations in K2 result in small variations
in natural frequency, so the value chosen represents the spring constant within the range of
interest that is easiest to achieve.
The value of K3 was determined by the film thickness at the hybrid Rayleigh pad:
The mass of the carrier has a large effect' on natural frequency; and was selected to provide
a`low natural frequency far enough removed from engine idle speed to be safe.' It would be
advisable to pick an even higher weight for the carrier ifpractical. Despite the face that
larger shoe masses would reduce the lower critical speed, ` for thermal and response reasons,
the size and mass of the shoes should be small. Table XI shows the undamped response of
the system.
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TABLE XI
DYNAMIC RESPONSE OF HYBRID RAYLEIGH PAD SEAL
Pad length over width ratio = 2.125, film thickness = 0.001 in.,	 pocket depth = 0.001 in.
Npm	 Displacement	 Film Thickness Change
Xl	 X2	 X3	 5 = X2 - X3
955	 0.002675	 0.00251	 0.0025	 0.000010
1010 1,
	' 0.00379-	 0.00253
	 0.000030
2865	 0.0128	 0.002728	 0.000228
31 `75	 0.276
	 0.00835	 0.005 850
3820	 -0.00515	 0.00236	 -0.000140
4775	 -0.00196
	 0..00243	 -0.000070
5730	 -0.0011	 0.00246
	 -0.000040
6685	 -0.00073	 0.00248	 -0.000020
7640	 -0.00052	 0.00250	 0.000000
8590	 -0.00040	 0.002515	 0.000015
9550	 -0.000316
	 0.00254	 0.000040I
Nc1uT =	 48,800 rpm
F
3,170 rpm
Within the clearance variation being designed for, the natural frequencies do not approach
the imposed frequency. This is, therefore, a safety feature for the seal. However, a low
natural frequency occurs at a fraction of design speed so that the engine must accelerate
through it. The lower natural frequency can be changed to approximately 3000 rpm by
making small changes in the carrier spring constant. However the only practical method of
lowering it further would be to increase the weight of the carrier. Since it already weighs
30.25 pounds, it is probably not desirable to do so if it can be avoided. A great reduction
in carrier weight and corresponding adjustments in the seal ring spring constant would be
necessary to allow the critical speed to be increased over the normal running speed.
The clearance variation is the critical factor in evaluating performance. For this application
it should never be greater than 0.3 times the minimum design film thickness because of the
other possible sources of film thickness variation. The undamped critical amplitude will cause
rubbing as indicated by the column of 5 values in Table XI. Consequ:mtly, additional damping
must be imposed. The following equation is for the amplitude of S f with damping at the
,e	 a
carrier spring. Damping was represented in Figure 26 as a dotted dashpot.
The basic equations of motion were modified to include a velocity damping term between'
the carrier ring mass and the support ring.
t
_	
4
^
I ;
E f
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The inherent damping in just the carrier ring is about
C 1	= VAP bf lb-sec/in/in of circumference.
where
60 x 0.707_
V	 mean velocity in vibration excursion, feet per secondb x 2 x N x n
AP	 = unbalanced radial pressure difference across piston ring, pounds per square
inch
b	 = width of ring (0.175 inch)
f	 = friction coefficient (0.2)
5	 = excursion of carrier, (assume _ 0.120 inches for a limiting case)
n	 = number of vibrations per revolution (assume n = 1)
N	 = 8000 rpm
Then C,	 = 0.0236 lb-sec/inch/inch of circumference. This value can be adjusted up or —^
down somewhat by changing the ring configuration. Additional damping can also be built'
in, if desired, by putting rubbing guide cylinders around or inside the carrier springs.
Using a value of C I = 0.025 lb-sec/in/in of circumference, the following 5 was calculated
near the lower critical point:
NRPM	 S FILM	 x /X3	 -
2865	 0.000195	 5.12
2962	 0.000250	 6.54
`	 3058	 0.000305	 9.8
3154	 0.000140	 11.92
3248	 -0.000210	 9.4
'	 3343	 -0.000320	 6.48:
3440	 -0.000278	 4.66 r
3538	 -0.000235	 3.55
The following chart shows the effect of varying the damping, at the worst speeds indicated
on the above chart (3058 rpm and 3343 rpm):
1
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S FILM	 x  /x3
C 1 	 3058 rpm	 3343 rpm	 3058 rpm
0.0125	 0.000495	 0.000465	 13.5
0.025	 0.000305	 -0.000320	 9.8
0.0375	 0.000177	 -0.000220	 7.3
0.050	 0.000102	 -0.000160	 5.7
The clearance change approaches the allowable value when the damping level is 1/2 the level
easily achievable at normal operating speed. At the speed indicated, however, the pressure
ratio across the carrier seal ring is less than 1/4 of the design pressure ratio. This means that
the damping due to this pressure difference is reduced to less than 1/4 of the calculated value
at the indicated speed. In fact, though, the seal weight will contribute some damping so that
the picture is not quite as marginal as it appears. Nevertheless, steps should be taken to in-
crease the damping of the carrier to a level slightly over that readily achieved with one piston
ring.
6.. THERMAL ANALYSIS
The heat, generation (q r), in the seal totals 9560 Btu/hr when operating at design clearance
under test rig cruise conditions. Since the seal shoes are pressure balanced, the clearance
assumed by the seal at the primary face is the design clearance modified only by the amount
necessary to counterbalance forces generated by any deflections of the seal ring spring and
carrier spring. These clearance changes are slight during cruise. ' All calculations of heat gen-
eration were therefore made at the nominal clearance for evaluating the design.
The fluid motion in the seal is laminar. Therefore the heat generation can be fairly accurately	 :.a
calculated using laminar shear flow equations. For two surfaces moving past each other in
laminar flow, the heat generation is
q	 LAccR/J_	 Btu/sec
_
or
3
q = 0.00955 	 Btu/hr,
h
where
A = surface area (in2 )__= 27rRb
R = mean radius (in)!
b	 incremental radial length (in)
h	 = local gap width (in)
J	 = thermal conversion factor = ` 12 x778 (in-lb/Btu)	 }
N = rotational speed (rpm)
µ	 = viscosity (lb-sec/in2 )	 x
L = shear µ(U/h)
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This equation numerically integrated over the face of the seal, results in heat generation of
about 9560 Btu/hr.
The effects of this heat generation depend upon the temperature of the core air and upon
the effective thermal conductivity of the seal material. Basically there are three effective
heat paths out of the seal face area (see Figures 23 and 24):
•	 Down the runner disk to the core air
•	 Through the runner disk to the compressor exit air
•	 Through the carrier wall at the runner tip to the compressor exit air
Of these, the second is by far the most effective because the thermal resistance to the air on
the upstream face of the runner is small, and there is reasonable stirring action in that air to
transfer the heat by convection to the main air stream. The first path has a very good sink,
the core air, but must depend on the runner disk to transmit the heat to the core: this is a
poor heat conduction path. The third path has high resistance compared to the second.
Calculations indicate that the relatively poor thermal path from disk to runner nearly isolates
the seal face from the core: a 100°F change in core temperature causes a maximum change
in the runner and seal temperatures of only 20°F. Most of the heat follows the second path.
The heat pattern through the seal exhibits considerable gradient within the seal segments
and the runner. However, the runner distortion is very small because of the small distances
over which the gradients act. Most potential problems arise in the seal segments. The effects
of the gradients in the seal segment are to change the curvature of the curved surface and to
curve the primary seal face. Assuming that the differences in clearance across the primary
seal face should not exceed 0.0003 inch, the maximum allowable temperature gradient in
each of the 24 segments is
AT	
2k5	 2x6x0`.0003'
	
_`12'F
a (a )2	 9 x 10- 6 x (1.8)2 i
Without augmented conduction, the gradients are greater than this (as much as 26°F).
Clearly, temperature gradients and consequent thermal distortions can be reduced by in-
- creasing the effective conductivity of the seal material. With three times the thermal con-
ductivity of Inconel X-750 in the seal, the differentials drop to a maximum of 4°F. Aug-
mented conduction is used in this design.
}
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The carrier members tend to reach temperatures very nearly equal to the adjacent seal seg-
ment temperature. Therefore, the segments are the only part of the design requiring special
treatment. Probably the most easily accomplished conductivity augmentation method is to
use a thin layer of a highly conductive material, such as silver (between 0.020 inch and
0.040 inch), sandwiched between Inconel X-750 plates. The whole external surface of the
segments (except the primary seal face where ceramic coatings are required to prevent wear
due to rubbing) can then be plated to its maximum usable depth (about 0.003 inches to 0.005
inches). Inconel X-750 spacers will be needed across the sandwiched silver to maintain proper
segment shape under all conditions since silver has a slightly higher coefficient of expansion
than does Inconel X-750. Use of this modification will allow the complete seal to be essen-
tialiy unaffected in its operation by the surrounding steady-state thermal environment.
Other potentially useful methods of augmenting conductivity are to use a sintered Inconel
base structure impregnated with silver or to use silver cladding of sufficient thickness.
Since all the seal assembly parts will assume about the same temperature with the augmented
conductivity segments, the complete seal will be quite tolerant of thermal growth.
For this design, thermal calculations were only conducted for a 1200°F core. However, the
two-side floated-shoe seal was analyzed with core temperatures of 1100, 1200, and 1300°F,
and is similar enough to this design that similar results can be expected'. The general result
was that either raising or lowering the core temperature by 100°F will result in a correspond-
ing change of 20°F in the seal temperature: the gradients are not seriously changed. Con- .
sequently, this design was considered to be satisfactory for reasonably small core temperature
changes.
Differential thermal growth is easily taken care of for steady-state conditions using augmented
conduction in the shoe. Analyses were not undertaken for transient conditions because de-
tailed analyses would have to be made at every point in time of an airplane flight. At the
time of the feasibility analysis, we did not know enough about the variable air pressure and
temperature conditions at the seal position to conduct a meaningful analysis.
x	 7.	 STRESS, FATIGUE, AND MECHANICAL DISTORTIONS
The runner can operate essentially independently of the seal for this design, as the only re-
quirement is that the runner face remain axially positioned within about 0.3 mil across the
runner plane. This requirement is easily met for both thermal and stress considerations,
because stress and thermal gradients in the axial direction are low. Also, the runner's radial
length is slightly greater than the height of the primary seal face, so that relative movement
in the radial direction will cause no change in seal operation.
The allowable runner axial position variation (after accounting for the probable seal distor-
tion and seal deflection) allows the total variation in the gap between runner and shoe over
d	any one shoe length to be no more than the variation in film thickness minus the variation
in runner axial position (1-0.3 = 0.7 mil). This variation could lead to two waves of 5 mils
- peak-to-peak amplitude in the runner` circumference. In other words, the flatness of the s	 x
runner must be within ±2.1 mils: .
f
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The runner is the only part of the seal which experiences considerable stress. However, it is
usually considered to be part of the compressor structure, since it is attached to it and must
be designed along with the rest of the compressor. For this reason, its stress will' not be con-
sidered here.
The carrier ring (E in Figure 24) experiences a compressive stress due to the pressure differ-
ential across it. However, the pressure differential load extends over only about 1.5 inches
of carrier ring Length, while the structure supporting the load is the complete ring cross section.
Thus, the stress imposed by the pressure load is
stress
unbalanced length of carrier ring x mean seal dia. x 7rAp
	
=	 -
2 x cross section area of ring
1.5 x 27.5 x 80rr
=
2 x 1:2	
40330 psi
where the area of the ring cross section is sufficient to make the total weight of the carrier
come up to 30.25 pounds for controlling the natural frequency. This amount of stress will
cause a diameter reduction of 3.96 mils, which is easily taken up by the gaps between shoes.
The rupture stress of Inconel-X for 10,000 hours at 1200°F is about 60,000 psi, so no real
problem is anticipated.
The thermal growth of the carrier ring under steady-state conditions poses no seal operating
problems because relative Ta.dial'motion between primary ring and runner is allowable.
:k
Small gaps (4 mils at cruise assumed for this design) between each segment pair in the seal
will accommodate the possible slight differential growth (either thermal or stress-induced)
between carrier and segments. The gaps can probably be made smaller in the final design.
The secondary seal ring and carrier seal rings are split to allow differential growth, either
thermal or stress-induced.
To prevent :rubbing of the inner surface of a seal segment against the carrier ring; the variation
in carrier radius under any one seal segment should not exceed 0.3 mil. Therefore, the total
variation in carrier ring radius can be about 3.6 mils:
Parts subjected to fatigue and fretting are the carrier ring springs, the secondary seal ring
springs, and the surfaces on which they act. The number of cycles to be considered fora
2000-hour life is essentially two cycles of motion per revolution, for a total of about 2 x 109
cycles. The springs should be designed to have less than about 40,000 psi stress to maintain
proper life. 'This can easily be done:
Fretting will tend to cause wear at all points where the springs touch the structure. The actual
forces at the carrier ring contact points are about 12.7 pounds per point at maximum deflec-
tion (considering that there will be 12 springs), plus 1.8 pounds per point caused by maxi-
mum possible secondary seal ring spring movement. Assuming the use of a wavy washer
having one complete wave length per inch of circumference, the forces at the contact points
of the secondary seal ring spring are 1.8 ±0.25 pounds per point. These forces will result in
x:
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E. FEASIBILITY ANALYSIS OF THE OC DIAPHRAGM THIN-STRIP SEAL
The final feasibility design of the OC diaphragm end seal is shown in Figure 27. Both the
end and interstage configurations of the OC diaphragm seal are similar in design and ma-
terials. Because the OC diaphragm interstage seal did not go through final design and testing
under Task II, the discussion below is directed primarily toward the end-seal configuration.
With minor exceptions, however, it also applies to the interstage seal.
s
POSITION PIN SECTION
LOAD SPRING SECTION
1
......ae.j.a....	 HIGH
PRESSURE g
ij
HIGH 2	 13	 14 y
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'	
12
9	 H El E::!5 LOW
PRESSURE C_:	 SEAL FACEI
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Figure 27 OC Diaphragm Thin-Strip End Seal
1. Helical Coil Spring, 2. Seal Carrier, 3. C Spring, 4. O Spring,
5. Piston Ring, 6. Primary Seal Ring, 7. Rotor, 8. Centering Pin, 9. Seal Support,
	
i<
10. Orifice, 11. Recess, 12. Seal Ring Venting Hole, 13. Carrier Venting
Hole, 14; Upper Pad, 15. Lower Pad:,
1. DESCRIPTION#
The OC diaphragm seal consists of a thinrima ring
	
strip") g p y' g 
	
p	 ry g (or thin tri m em tom a dou
ble pad. primary, seal configuration. One side of each C and 0 support spring diaphragm is
welded to the back of the primary seal ring, the other side of each diaphragm is welded to
the seal carrier. The carrier is centered with respect to the centerline of the seal support
through the use of four adjustable eccentric centering pins which also serve as antirotation
devices. The pins are fastened to the seal support and fit into slots in the carrier. A float-
g piston  	 p bearing
	 g	 p.m > ton ring employinga ste 
	
ealconfi uration between 
	
outer surface
 series of heli-ton ring and the inner surface of the s support s 	 as secondary seal.
cal coil springs located between the seal support and carrier provide the preload required to
ensure contact between the :primary ring and runner at start.
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High-pressure air is supplied to the upper pad through a series of orifices directly drilled
through the primary ring. The lower pad is supplied with high-pressure air through holes drilled
in the carrier and in the primary ring. A recess located at the primary seal face mean diameter
includes venting holes which allow air to pass through the spacing between the C and U
springs and through passages drilled in the carrier to the low-pressure side. The upper pad
of the primary seal face employs a spiral-groove orifice pattern on its bearing surfaces. This
pad perforrnes the main sealing functi011 since it is subjected to the full pressure differential
across its boundaries. The lower pad is of the Rayleigh shrouded step design, and acts main-
ly as a bearing. The lower pad in combination with the upper pad provides the high angular
stiffness required to accommodate face deformation.
2. PRIMARY SEAL CONFIGURATIOI+1
The flexible seal concept imposes a requirement for high primary-film stiffness in the axial
and angular directions. Since the seal must be flexible enou gh to follow axial runOLits and
angular warping of the rotor, the air film must possess the stiffness and restoring n161nent
capability to counteract residual forces and moments imposed on the seal during operation.
The high stiffness requirements and restoring moment capability can be met through a
double-pad design and through proper selection of the seal-face geometry. Three applicable
combinations of upper and lower pads for double-pad and interstage seals were analyzed for
this application. The three combinations are:
•	 Upper pad spiral-groove orifice
0	 Upper pad spiral-groove orifice, lower pad hybrid Rayleigh pad
•	 Both hybrid Rayleigh pad
The performance characteristics of each combination were found by use of an appropriate
.A
f^
computer program to define the performance of each pad, and a curve plotting technique to ?`
combine the two pads.
The static performance characteristics of these pad combinations are shown orl Figure 28 for
the end seal and Figure 29 for the interstage seal. Considering general performance param-
eters such as minimum flim thickness, restoring moment, angular air-film stiffness, and
axial air-film stiffness, the double-pad spiral-groove configuration and the spiral-groove sipper
pad and Rayleigh lower pad combinations yield, for all practical purposes, identical results.
This holds true for both the end and interstage seals. The leakage characteristics of the spiral-
groove orifice upper pad and Rayleigh lower pad -combinations are very similar to those of y
the full Rayleigh double pad, and are considerably higher than those Of the spiral-groove
orifice double pad combination. For example, for parallel primary faces (tilt angle of 0
degrees), the end seal leakage for the upper and lower pad spiral-groove orifice is 5.7 (10-4)
lb/sec-in as compared to 14 (10 -4 ) lb/sec-in for the other two combinations. For the double
pad Rayleigh combination, the angular film stiffness is at its maximum at angular primary
seal-ring tilt angles of 0.001 `radians. This implies that an unstable situation could develop at
tilt angles greater than 0.001 radians, at which point the seal will continue to tilt until metal-
to-metal contact with the runner has been established, leading to eventual seal failure.
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Figure 28 Static Performance Characteristics of Three Pad Combinations for use in the
OC Diaphragm Thin-Strip Enid Seal
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For safe operation it is desirable to establish a minimum permissible film thickness. To be
conservative, and to provide at the same time some margin for changes in conditions, the
film thickness during cruise operations has arbitarily been selected so as not to fall below 70
percent of the design film thickness of 0.001 inches. Using this as a criterion, the net tilt
angle should not exceed 0.0007 radians for positive tilt, and 0.0004 radians for negative tilt
•	 for all combinations examined. Based on the static seal performance analysis, the use of the
spiral-groove orifice design for both pads offers the lowest leakage. The next best leakage
rate is obtained by using the combination of spiral-groove orifice and Rayleigh pads, while
the use of the Rayleigh shrouded-step configuration for both pads gave the most leakage.
Because of design problems which make the preferred location of the lower pad orifice im-
practical when both pads use the spiral-groove orifice configuration, the spiral-groove and
Rayleigh pad combination was selected for this design.
3. FORCE AND MOMENT BALANCE
In order to obtain satisfactory seal performance, one of the most important requirements is
that the primary seal ring be balanced so that the residual forces and moments are negligibly
small and exert little influence on film thickness during operation over the range of specified
conditions. The cruise condition was selected as the primary condition for seal balancing,
and deviations in operating film thickness and residual moments were determined for idle
and take-off conditions.
a. Cruise Conditions
The freebody diagram used in performing the balancing calculations is shown in Figure 30
a
and the values derived from the,, end seal design are shown in Table XII. To obtain proper
a	 X2t X3 X+X}
2  2
X^ ;
C, .
FS1 F4
FLR  R
-
X
F5
LFTT E--- Y 1	 Y 2
6	
M X ^.
t Fg--} + F7
62 I	 bl PRIMARY
XC2
X—XC2 X_XCI xcl SEALING
! FACE
X'. ;
.
-2X—
F2
	 F1
.
!
1
Figure 30	 Free-Body Diagram of the OC Diaphragm Thin-Strip Seal
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seal balance at cruise, the axial forces, radial forces, and moments must be balanced, as
shown in Equations 15 through 17.
4
f
TABLE XII
VALUES USED IN BALANCING THE L
OC DIAPHRAGM THIN STRIP SEAL i
t	 0.125 inch
Seal ring width	 1.30 inch
tjit
R	 0.20 inch
3
b, b l , b2	0.50 inch
Y 1 _	 0.082 inch
Y2	0.072 inch 4
Xc 1	0.25 inch'
XC z	 0.2745 inch
-.4
Fs ,	 0.333 lb (1/6 lb due to carrier);_`
(1/6 lb due to spring)
Fs 2
	
0.667 lb (1/3 lb due to carrier); k
(1 / 3 lbL due to spring) `"I
W 1 	0.842 tr
W2 	0.633
k	 Op	 80 psi }
hm	0.001 k;,1
o,l
ti.:
:a
E FX = F 1 + F2 - F3 — F4 — Fsi — Fs2 = 0	 (15)xi.
E Fy	F5 +' F6 + F, — F$ = 0	 (16)
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X2 + X3 	 X2 + X3
EMx _ F 1(X-X,i) + Fs2 +F3
2
X+X1
+ F 5 Y 1 + F 6 Y 2 — F2 (X-XC2 ) - F4 2
— F S iX1 = 0 (17)
where:
F1 = W 1 0pb 1 F6	 2Ap (Y, — Y2
_	 F2 = W2 Apb2 F7 = Opt
F3 = Op (X2 _ X3) FS, _ Upper pad total spring force
F4 = Op (X — X 1 ) Fs2 = Lower pad total spring force
F5 =ApR bl =b2 -b
Substituting these values into Equations 15 through 17, we obtain:
Apb (W 1 + W2) — Op (X2 - X3) + (X - X ,) — Fs, — FS2 =' 0 (l 5a)
Ap [R+2(Y 1
 —Y2 ) +t ] -F8 0 (16a)
X2 - X2
Ap { W1 b (X - X,i) +	 2	 3 + RY, + 2Y2 (Y 1 —
 Y2)]
2
X 2 — X 1 2 X +X
—W2 b (X 
— Xc:2	 --	 + Fs2	 2	 3
2 2
`	 —FStXI = 0 (1 7a)
y,
:...
Y
M.
Ss_
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Using the values in Table X11, Equations I5a and 17a reduce to Equations 15b and l 6b.
3s
E'
C
X2
 —X3 —X I 	 0.075	 (15b)
X2	 X3 - X1
1
40 (-0.2742 + X 2 2	 — X3 2 + X 1 2 ) +	 ,.	 = 0	 - (16b)
3
Assuming now that 0.250 inches mounting width is required for the lower double C spring
X2 — X3	 0.25	 (18)
Combining Equations 15b and 18, we get
0.25 - X1 = 0.075
X'1	= 0.175
Substituting these values in Equation 17b, we get r
7.219
X3	 = 0.349 inches
20.667
X2_ = 0.599 inches
yA!
b. Idle and Take-Off
;t
Having balanced the seal at cruise, the contractor checked operation at idle and takeoff con-
ditions by calculating the film thickness and residual moments. For those calculations,
Equations 15a and 17a can be reduced to Equations 19 and 20, respectively: x
1 + 1.4625Ap
W 1 +W2 	 (19) tµ
Ap 6
Ap
1
Mres = —[ WI (0.65 - X,t) — 7V2 (0.65 — Xc 2) - 0.115981	 + 0.128$	 (20)
2
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The procedure used consists of finding first the film thickness which will satisfy the EW
relationship at the new conditions expressed by Equation 19 and then determining the re-
sidual moment from Equation 20. The result of the film thickness and residual moment
E	 calculations for cruise, idle, and take-off for the end and interstage seal configuration are
presented in Table XIII. In addition, Table XIII presents the pressure differences assumed,
the dimensionless bearing loads, and the locations of the bearing loads.
TABLE XIII
FILM THICKNESS AND RESIDUAL MOMENTS FOR OC DIAPHRAGM THIN STRIP SEAL
End Seal
Residual
	
Pressure	 X*	 X*	 Film	 Moment
Difference-Ib_	 cl	 c2	 Thickness	 ml
Condition	 (psi)-	 VW	 W1	 W2	 (inch)	 (inch)	 (inch)	 ( in
Cruise	 80	 1.475	 0.842	 0.633	 0.2155	 0.250	 0.001	 0
Idle	 13	 1.539	 0.883	 0.656	 0.214	 0.250	 0.00085	 0.171
Take-Off	 150	 1.469	 0.819	 0.680	 0.214	 0.250	 0.00085	 -1.35
• Interstage Seal
Residual
	
Pressure	 X*	 X*	 Film 	 Moment	
t
Difference	 _ 	 cl 	 2	 Thickness
Condition'(psi) 	EW'	 W 1 	W2	 (inch) 	(inch)	 (inch) 	 (^n-lb) in
Cruise	 25	 1.502	 0.876	 0.628	 0.214	 0.250	 0.00105	 0.498
idle	 2	 1.962	 1.08	 0.88	 0.218	 0.250	 0.00106	 0.127
Take-Off	 50	 1.482	 1.482	 0.640	 0.209	 0.250	 0.00074	 0.112
*These dimensions refer to locations on Figure 30. 	 =
Using the same seal geometry on a per-unit-circumference basis, the meal y film thickness for
both the end and interstage seals at all conditions of operation is not appreciably reduced.
The effect of the calculated residual moment of 0:331 itch-pound for the interstage seal at
cruise is minor resulting in a seal-tilt angle of 0.025 milliradians. The tilt angle is determined
from Figure 29, assuming the elastic resistance of the seal ring to conical deflection to be
negligible. In order to assume static equilibrium, the seal ring under the residual moment
action will tilt until a restoring moment in the gas film becomes equal and opposite to the
residual moment. Tilt angle can thus be read directly from Figure 29 using the residual
moment values.
k
f
PAGE No. 77	 f
i
rPRATT & WHITNEY AIRCRAFT
4. SEAL LEAKAGE
The OC diaphragm thin strip seal has three major leakage paths: through the upper pad,
through the lower pad, and past the piston ring. .Leakage calculations for the end and inter-
stage seals for cruise, idle and take-off conditions are summarized in Table XIV. The com-
puter program which predicted the leakage results summarized in Table XIV is discussed in
Appendix A of Reference 5. All calculations of leakage were performed assuming that uni-
form parallel films were in existence at the primary seal and piston ring. The total leakage
flow at cruise and takeoff for the end stage seal is about 10 percent of the flow obtained with
commonly used labyrinth seals.
TABLE XIV
LEAKAGE OF THE OC DIAPHRAGM THIN STRIP SEAL
Seal Tilt Angle = 0
End Seal
Upper Pad	 Lower Pad	 Piston Ring	 Total Leakage
(lb/sec)	 (lb/sec)	 (1b/sec)
	 (lb/sec) r..
Cruise	 0.029
	
0.084	 0.0082	 0.120
Idle	 0.0068	 0.017	 0.0027	 0.026
Take-Off	 0.0618
	
0.170
	 0.0483	 0.280
Interstage Seal
Cruise	 0.0152	 0.0355	 0.0039	 0.0546
Idle	 0.0034	 0.0093	 0.0012	 0.014_
k	 Take-Off	 0.0322	 0.0930	 0.0260	 0.151
5. DYNAMICS
a. Seal Ring Response
Calculations of the primary ring's dynamic response and tracking capability were performed
for the end and interstage seals at cruise conditions only. In performing these calculations,
three assumptions were made:
•	 The seal is flat and no perodic deformation exists, consequently n = 0. This as-
sumption arises basically from the fact that the thermal distortions of the seal are ' z
negligibly small. The effect of machining inaccuracies and primary ring;distor-
"tions was not included in the feasibility analysis. tt;
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•	 The seal runner has a face runout of 0.003 inches, and inasmuch as the deformation
is periodic at a frequency of one cycle per revolution, n = 1-
•	 The runner is saddle shaped, the deformation being 0.002 inches from planar. This
is twice the specified 0.001 inch value and was asSl llled so that the seal's sensitivity
to saddle shape distortion could be determined. Since the frequency of deformation
is 2 per revolution, n = 2.
>r	 The final calculated values of the primary seal ring's dynamic angular response (a n ) to initial
angular runner deformation (E) and transverse runner deformation (E n ); primary ring trans-
verse dynamic response (un) to initial runner angular and transverse deformation; net angular
dynamic response (Q); and minimum film thickness (hmin) are given in Table XV. To calculate
these values, the relationships shown below were used. An examination of these equations
with numerical substitutions showed that the worst condition occurs when the initial trans-
verse runner deformation (S n ) is negative and the initial angular runner deformation (En ) is
positive (see Reference 3).
a = 
C^ 1En	 A2+ C	
bn	 n
Lln 	CU  i E n +C 	 S2	 n
Q = bS n + b (un + vn ) when Q = reduction in axial gap
E	
- (an +0 )n	 n
h	 =h	 — Ob — Q
min	 m	 2
TABLE XV
RESULTS OF TRACKING ANALYSES FOR THE OC THIN STRIP DAIPHRAGM
SEAL AT CRUISE CONDITIONS
h	 = 0.001 inches at n	 1, S = —0.0015 at n = 2 5 _ —0.001m
END STAGE
	 INTERSTAGF
n = I	 n= 2	 Combined	 n= 1
	 n= 2
	 Combined
an_ (rad x 103 )	 0.083	 0.062	 0.1178	 —0.06614
u n (dimensionless)
	 -1.121 (10 3- 	 (10-3)	
—1.1055 (10-3 )	 —0.7523 (10 3)
Sn (dimensionless)
	 —1.154 (10 -3 )	 -0.7692 (10 -3)	 —1.154 (10 3 )	 0.7692 (10,3)
r
c- n (rad x 103)	 0.111	 0.0741	 0.111	 0.0741
Q(inch x 103)	 0.042	 0.0158	 0.065	 0.024
b^
— (inch x 10 3)	 0.018	 0.005	 0.014	 0.008
a	 •.
2
x
hmin (inch x 103 )	 0.941	 0.979	 0.919	 0.921	 0.968	 0.889 - ..
r_
s:
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The final results as listed in Table XV indicate that at worst, no more than 10 percent of the
filrn thickness will be lost at cruise with the given rotor distortions when the maximum film
loss for n = 1 is In phase with rnaxi n urn film loss for n = 2 and thus directly additive.
b. Natural Frequencies
	 r
The OC diaphragm seal system yields four natural frequencies. Two of these (vn 1 and 
vn 2 )
are related to the air film stiffness characteristics and the mass of the flexible ring and can
be calculated using the relationship derived in Reference 3:
vnl — P2 P 1 + 1/2(P 1 2 — 4fI f2 2 F2 ) ' I 1/2
P I —vn 2 =	 1/2	 y, (P 1 2	 4f z f 2 p2 )1/z l 	 2
	
[	 1 2	 J
Where:
f l and f2 are the natural frequencies of the strip.
P1 and P 2
 are functions of the seal strip, film stiffness, and seal geometry.
The calculated values of vn1 and vn2 fall far beyond the operating speed range, imposing no
problems directly related to the design. The other two natural frequencies (vl and v 2 ) re-
sult from the examination of the entire system in terms of rigid body vibrations. They can
be closely approximated using the following relationship
I
1
	
 K3	 1/2v i
	
	
--
m2
	
K2	 V2
V2
ml
where
K3 = gas film stiffness (lb/in)
K2 = spring diaphragm stiffness (lb/in) z
m2 = seal ring mass (pound-second 2 /in)
m1 = carrier mass (pound-second2/inch)
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As will be shown later in this section, ul is far beyond the operating speed range and thus
also imposes no particular problem on the design, , however, depends upon the selected
OC spring geometry and carrier mass. Consequently, the ratio of K 2 /in, due to practical
design limitations has to be carefully selected so that the resulting natural frequency falls
below or above the operating speed range of 4000 to 8000 rpm. To satisfy this requirement,
let. us first assume that v 2 falls below the operating speed range and occurs approximately at
314 rad/sec of 3000 rpm. The mass of the carrier is 0.0388 lb -sec' /in., so
K2 =M I  v2 2 = 0.0358 (314)2 = 35301b/in.
The spring gradient per individual C spring is thus 3530/3, or 1180 lb/in.
Furthermore, considering a spring radius of 13.5 inches,
1180
	
1180
Kss	 14 lb/in2
27rR	 6.28 (13.5)
In Figure 31, the stiffness of the C-springs is plotted against their thickness. Although the
point is not plotted, extrapolation shows that the spring thickness corresponding to a
stiffness of 14 lbs/in 2
 would be approximately 1.7 mils. Obviously, springs of that thickness
are impractical. Therefore, in order to raise the natural frequency to 12,600 rpm, the con-
tractor selected a spring which was 6 mils thick and had a radius of 0.2 inches. The natural
frequency results are given in Table XV1.
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k TABLE XVI
'	 NATURAL FREQUENCIES OF OC SEAL DIAPHRAGM
AT CRUISE CONDITION'
End
	
interstage
11 = 1 	 n=2	 n=4	 n=2
4.
v nl (rad/sec)	 46,984	 47,834	 37,699
	
38,758
f	
a
v n	
(rad/sec)	 11,686	 11,707	 9,487	 9,492
V q2 (rad/sec)	 11,545
	
112545	 8,980	 8,980
v 2	 (rad/sec)	 1,262	 1,262	 1,260	 1,260
The flexible ring vibration frequencies v„1 and vn2 depend upon the air-film's stiffness char-
acteristics, hence the difference in values obtained for the end and interstage seals. The slight
differences in vnl and vn2 for n = 1 and n = 2 respectively can be explained by a slight varia-
tion in seal ring rigidity due to the nature of the twisting mode. Rigid body natural freq-
uency v is also air-film dependent and this is different for the end and interstage seals and
not affected by n. On the other hand v2 is for all practical purposes independent of the air-
film's stiffness and remains practically constant regardless of vibration mode and seal end or
interstage positions.
C.	 Carrier and Primary Ring Rigid Body Response
The dynamic responses of the carrier and the primary ring with respect to the unit runner dis-
placement are expressed by C, /C, and C2 /C 3 respectively. From Table XVII using the
C 1 JC 3
 values computed for both t'.1° end and interstage seals, the relative motions of the
thinrimar	 ring and carrier can be found. The carrier response C	 C	 indicates that the cap	 Y	
_g_	 p	 i/	 3	 crier
motion at cruise will be approximately equal to twice the runner displacement. Due to the
damping action of the torque pins, a good percentage of the indicated gain will probably
be damped out. Another way to reduce the carrier response would be through further in- r`
creases in C-spring stiffness. This, however., carries the inherent penalty of increasing the
spring's radial stiffness, which would further restrain the thermal expansion ofthe primary n`
ring, inducing ring distortions. The seal diaphragm follows the input motion almost per- A
fectly, as indicated by the C2 /C3 ratios of 1.0195.
TABLE XVII J
CARRIER AND SEAL RING RIGID-BODY
VIBRATIONAL RESPONSE
End Stage	 -	 Interstage
n= 1	 n=2	 n=1	 n=2
r
Carrier Response }(Cl /C3)	 1.87	 1.87	 1.909	 1.909
Primary Ring f
Response (C2 /C3)1.0295
	 1:0295-	 1.051
	 1.051 n
c;
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6.	 THERMAL ANALYSIS l
The contractor calculated seal temperatures at 34 nodal points on the end-seal assembly
r
•	 under assumed steady-state cruise conditions. These calculated temperatures and the
assumed ambient temperatures are shown in Figure . 32. Figure 33 shows the simplified
geometry, the nodal points, and the surface coefficients on which the calculations were
based. The environment temperature used was the original engineering estimate of 1200°F
oil
	
the high-pressure and the low-pressure sides. The thermal conductivity of the seal
material and the O and C rings is 11.92 Btu/hr/ft 2 °F/ft, and of the runner is 11.25 Btu/hr/
ft'/'F/ft. The surface coefficients for convective heat transfer are shown in Figure 33.
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Figure 32	 Calculated Temperature Distribution for the OC Diaphragm Thin-Strip
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Figure 33 Nodal Points and Adjacent Subvolumes for the OC Diaphragm Thin-Strip
Seal., Circled Numbers are surface Coefficients
They are denoted by circles around them and, are in Btu/hr/ft 2 /°F. At cruise conditions
the mean surface velocity of the runner adjacent to the seal is 850 ft/sec. The air-film's
Reynolds number is 9100 in the vent recess when the clearance is 0.021 inches (which in-
dicates turbulence), 975 in the Rayleigh pocket with operating _clearance of 0.00225 inches
(indicating laminar flow), and 435 in the air film at the operating clearance of 0.001 inches jg
under cruise conditions (indicating laminar flow). In spite of turbulence in the vent-recess
region, it was deemed acceptable in these calculations to consider the heat exchange between
the air film and the adjacent walls as by conduction only. Similarly, because the effect of
the spiral grooves was neglected also, the effect of turbulence was not included in the calcu-
lations of heat generation, particularly as the heat generated in the vent recess region was i
less than 5 percent of that generated in a comparable subvolume' in the 0.001-inch gap. The
values of mass flow rate and fluid film shear heat generation in the subvolumes adjacent to
	 Y
the nodal points in the air film which were used in the calculations of temperature are shown
in Table XVIII
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TABLE XVIII
MASS FLOW RATE AND HEAT GENERATION
IN THE OC DIAPHRAGM THIN STRIP SEAL
Mass Flow Rate and Direction	 Heat Generated in the
	
Nodal	 Point	 of Flow (lb/hr)	 Subvolume	 (Btu/hr)
	
4	 51.72 inwards	 3800
	
8	 5' 1.72 inwards	 4760
+54.53 from supply duct
	
12	 106.25 inwards	 1530
	
16	 106.25 inwards	 139
+145.60 outwards
	
20	 145.60 outwards 	 1667
	
24	 145.60 outwards _	 1496
	
28	 291.20 fromsupply duct	 1025
	
32	 145.60 inwards	 1840
The temperatures calculated at the thirty-four nodal points were checked for accuracy. For
nodal point 19, for example,
0.237 T is + 1.289 T 18 - 2.245 T 19 + 0.459 T20 + 0.260 Tai
0.237 x 1298 + 1.289 x 1283 - 2.245 x 1284 + 0.459 x 1288 + 0.26 x 1267
308 + 1651 - 2880 + 590 + 329
2878 - 2880 ~ 0
which confirms the basic heat flow equation which required that f(T) 0. The heat balance
over the entire seal assembly gave
Heat In	 Heat Out	 Difference
Btu hr	 Btu/hr	 Btu/ hr
16257	 15693	 564
These values indicate good agreement.
To calculate the temperature distribution of the spring diaphragms, the 0 and C springs
were considered to be sufficiently thin to make the assumption of 'a uniform temperature
at every cross section valid. The equations for thin fins with known root and tip tempera-
tures were therefore used to determine temperatures at three intermediate locations. The
temperatures obtained are tabulated below:
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Relative	 C Spring	 Top O Spring
	 Bottom O Spring
Location	 (° F)	 (° F)	 (OF)
Root	 1313	 1268	 1260
1/4 Length	 1270	 1244	 1227
lh Length	 1240	 1227	 1211
3/a Length	 1218	 1212	 1204
Tip	 1200	 1200	 1200
7.	 STRESS AND DEFLECTION
The stiffnesses of a C diaphragm to radial, rotational, and axial motion are given in Figures
31, 34, and 35. Figure 31 shows the forces which act on the seal in the cruise condition.
The calculated steady-state temperature distribution is shown in Figure 32. Calculations of
stress and deflection were made on the basis of information contained in these figures. To
summarize the results of the calculations, at the minimum section of the ring seal, the com-
bined hoop stress due to thermal and pressure effects in the seal is between 2.7 and 3.6 KSI
tension. The safety factors for buckling due to compressive pressure loading in the lowest
plate and ring modes are about 4.3 and 74.6. The total moment (resulting from thermal
and pressure deformations of the spring diaphragms) which acts on the seal and unbalances
it is between 0.33 and 1.07 in-lb/in. This moment acts counterclockwise, and thus tends to -
open the clearance at the outer radius of the seal. The tilt angles which are caused by these
two limiting cases are 0.2 and 0.6 milliradians respectively. Due to the temperature ;gradient i.
in the axial direction in the seal, the maximum amount of bowing is estimated to be 0.03
mils. The calculated seal stresses are all at safe levels. The moments acting on the seal due
to the restraining effect of the diaphragm springs are appreciable, however, and will have to
be calculated on the basis of more exact thermal data so that their net effect on seal perform-
ance can be determined.
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Figure 34	 Radial Stiffness of a C Diaphragm
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F. FEASIBILITY ANALYSIS OF THE SEMIRIGID ONE-PIECE SEAL
The final feasibility design for the semirigid interstage seal is shown in Figure 36. Because
the semirigid end seal was not recommended for final design and testing in Task II, the follow-
ing discussion will be concentrated on the semirigid interstage seal. As was the case with the
OC diaphragm seal there are only minor differences between the end and interst age confi ura-^	 Y	 g	 g
tions of the s —nirigid seal design.
ROTATING
NONROTATING
PRIMARY
RING
LOW PRESSURE AIR
COMPRESSOR
DISK
HELICAL a ....
COILSPRING
_SEAL RUNNER
SECONARY SEAL ANTIROTATION PIN
PISTON RING
RETENTION TAB (24)
BLEED HOLE
HIGH-PRESSUREAIR
CASE
Figure 36	 Semigrigid Interstage Seal
s
1.	 DESCRIPTION
The semirigid seal is a one-piece design. The seal basically consists of a ring composed of
front and rear sections welded together to form a thermal barrier. The rear section of the
'	 ring includes 24 tabs for piston-ring retention and for spring-guide mounting. This same
,r
section includes also four protruding slotted tabs for engagement of the antirotation pins. The
antirotation pins are the same as those used in the OC diaphragm seal The front portion of ^a
the seal includes the primary seal face and 360 orifices feeding in directly from the high-
pressure cavity.
The seal; ring is made of Duranickel 301, a material of substantial high-temperature strength
combined with good thermal conductivity and relatively low thermal. expansion. The seal
face is coated with aluminum oxide or chrome carbide, for the same considerations of profile
manufacturability mentioned in the OC diaphragm seal description. The seal supports are r^
made of Inconel X750. _`
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Primary sealing is accomplished at the primary seal ring, which consists of a single land. This
land has a spiral-groove inherently compensated orifice profile, and acts as a bearing and seal
combination. The angular stiffness of a single-land bearing is very low. As a result, the primary
ring must be rigid enough to absorb residual bending moments without appreciable deforma-
tion of the seal face. To accomplish this, substantial seal-ring length is required. Moreover,
the primary ring must also serve as a housing for the piston ring required for secondary sealing,
•	 one of the secondary seals being formed by contact between the side of the piston ring and the
primary ring. It should be noted that the combination of seal length and piston ring contact
is conducive to the generation of high thermal gradients. Thermal gradients in turn cause the
seal surface to deform and through this deformation may seriously affect seal performance.
In order to minimize the extent of thermal gradients and seal deformations the following
steps were taken:
•	 The seal material was selected to provide high thermal conductivity in combination
with a low coefficient of thermal expansion.
0	 The piston ring was insulated through the inclusion of a thermal barrier in the
form of a radially annular slot.
• The seal's cross section was designed to minimize thermal distortions through the
addition of a relatively constant temperature ring on the seal's outer edge close to
the seal face.
o	 The seal's tracking performance characteristics indicate tolerance to some degree
of distortion. Slight distortion is beneficial: the seal is designed so that some
distortion occurs, the net result of which is an increase in film thickness at high
pressure ratios, reduction in heat generation at the seal face, and an increase in
leakage flow. The increased air flow also carries more heat away from the seal
face, leaving less heat to be dissipated by the seal, and therefore lower thermal
gradients.
The primary ring is preloaded with 24 coilsprings to ensure contact at startup with a contact
pressure low enough to permit the development of separating air films at relatively low speeds.
The seal face and runner coating materials were also selected with regard to compatibility at
high temperature and resistance to wear. They are identical to the ones used in the OG
diaphragm seal.
2. PRIMARY SEAL ANALYSIS
The performance characteristics of the semirigid interstage seal were calculated for idle,
cruise, and take-off conditions. The characteristics included film thickness, leakage, stiffness,
and centers of pressure. In summary, the static seal performance of the semirigid interstage
seal is quite satisfactory over a range of positive tilt angles of 0 to 0.003 radian at cruise and
take-off conditions. At idle, the tilt-angle tolerance is severely affected, but tilt due to
thermal gradients at these conditions is expected to be low during actual operation because
of low speed and low ambient temperature levels.,
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a. Minimum Film Thickness
At take-off conditions (Figure 37), the pressure differentials are still sufficiently high to
produce a slight increase in minimum film thickness at positive tilt angles. At cruise condi-
tions (Figure 38), the minimum film thickness begins to decrease with positive tilt. The rate
of decrease, however, is still low in comparison to that at negative tilt. At idle conditions
(Figure 39), where the pressure differential is down to 2 psi, the rate of decrease in minimum
film thickness at positive tilt angles exceeds the rate at negative tilt. Obviously, tilt angles of
0.002 radian cannot be tolerated at these conditions. Neither, however, are such ;high tilt
angles to be expected to be present merely due to the fact that at idle the overall ambient
temperature and heat generation at the seal interface drastically decrease. The reason for
these conclusions are discussed in detail in Reference 3 and 5.
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Figure 38 Minimum Film Thickness and Center of Pressure for the Semirigid Inter
stage Seal at Cruise
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b. Leakage Flow
As shown in Figure 40 the leakage flow at cruise actually decreases at positive tilt angles. At a
take-off (Figure 41), the flow slightly increases as a function of tilt angle, but the overall
leakage magnitude is still of the order of 0.07 lb/sec at 0.003 radian. At idle (Figure 42), the
decrease in leakage at positive tilt is very pronounced, although at these conditions the overall
leakage magnitude is extremely low and has no bearing upon the seal-design requirements. 	 M
These conclusions are discussed in References 3 and 5.
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Figure 41	 Leakage and Stiffness of the Semirigid Interstage Seal at Take-Off
k
_z
d
W
Z7
Z
Z
W
m'
WV
Q
t
^" t
f I7	
y
r	
-1 f
PRATT & WHITNEY AIRCRAFT
3. MODIFICATION OF CROSS SECTION
The semirigid seal cross section shown in Figure 43 exhibits one basic drawback: the axial
thermal gradients at cruise are high enough to cause end seal distortions of 0.003 radian in
the end seal application and higher in the interstage seal. The axial thermal gradients result'
from heat flow originating at the seal interface and from heat flow due to radial temperature
differences between the high and low-pressure test-rig areas.	 {
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0.10	 _	 {
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0.5
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r,
x* 0.1039 IN. = CENTROIDAL "X" COORDINATE
Y*= 0.404 IN.. CENTROID'AL "Y" COORDINATE
0= LOCATION OF CENTROID
Figure 43	 Cross-Section of the Semirigid One-Piece Seal
The axial heat flow is enhanced; by the fact that the primary ring and piston ring are in inti- 	 j
mate metal-to-metal contact; providing an excellent conductive path down to the seal support, 	 w 1
which extends through. the low-temperature area to the housing walls. Thus, in order to re-
duce the effectiveness of the this built-in heat sink, the piston ring has to be isolated. from the
seal 'ring. Since contact_ between the walls of the primary and piston rings is absolutely neces- 	 a
sary to maintain good sealing, it becomes advisable to introduce a thermal barrier in the pri-
mary ring, close to the piston ring, leaving the back of the primary ring (against which the 	 = ;
piston ring rests) unaltered. This can be accomplished through the introduction of a radial
cut out.
y	 .
r;.
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The air in this cut out is relatively stagnant and thus acts as a fairly good insulator. In order
to maintain seal rigidity and to prevent the gas loading applied by the piston ring onto the
seal wall from deflecting it excessively, the radial cutout is bridged at 180 points around the
inside circumference.
The introduction of the thermal barrier cut out necessitates rebalancing the cross section
through minor dimensional adjustments so that the location of the centroid is not appreciably
altered. This is important, since the magnitude of the residual bending moments is dependent
upon the force moment arm to the centroid. The final adjusted configuration is shown in
Figure 44. It formed the basis for the final seal design.
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'	 Figure 44	 Cross-Section of the Semirigid One-Piece Seal with Insulating Cut Out
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The bending stiffness of the seal used to find the seal tilt angle due to a residual moments can
now be calculated from:
M	 EI yK * =_ _- R
r	 9	 R2
where E = 23 x 10 6 psi, I = 0.0255 in4 , R = 13.5 in.
then,
Kr _ 3218 in4b/rad
4.	 FORCE AND MOMENT BALANCE -
a.	 Residual Moments
The seal modifications described in the previous section have slightly altered the seal shape, =
but the air-pressure forces acting on the modified seal remain essentially the same as on the ;s
original cross-section. Consequently, neither the seal's air-film forces nor centers of pressure
have been changed. The change in seal shape, however, brings about a slight change in centroid
location and bending stiffness of the seal ring, resulting in a change in residual moments and
tilt angle. These changes are tabulated in Table XIX together with the magnitudes of all
forces, centers of pressure and minimum film thickness. The original force and moment
balance work is discussed in Reference 3. Examining the new results, the seal ring's tilt at
all operating conditions still remains negligible. In all cases the small tilt angles are negative -	 w;
and acting in the direction of tilt opposite to that imposed by thermal gradients. This will
slightly alleviate the negative effects of thermal, seal rotation.
TABLE XIX
FILM THICKNESS AND RESIDUAL MOMENT TABULATION
FOR THE SEMIRIGID INTERSTAGE SEAL
Mean	 Bending	 Seal kr
Dimensionless	 Film	 Residual	 Stiffness	 Tilt
Dimensionless	 Center of	 Thickness	 Moments	 K r	 Angle##Load	 Pressure	 F	 F t	 F t	 h	 M	 in.lb x 10 31	 2	 3	 m	 res	 LY -
Condition	 W	 zc	 (ib/in2)	 (lb/in2)	 (lb/in3)	 (x 103 inch) (in.lb/in) in. rad	 (rad x 10 3) .
Cruise	 0.8695	 0.422	 10.87	 10.37	 20.0 -	 -1.02	 -.15	 3.22	 -.045
Idle	 1.3295	 0.437	 1 . 329	 0 . 829	 1 . 6	 0.80	 -.07	 3.22	 -.022 r
Take-Off	 -0.8495	 0.418	 21.237	 20.737	 40.0	 0.119	 -.21	 3.22	 -.065
F 1 is the resultant force of the gas film pressure on the semirigid seal
t	 F2 is the axial pressure differential force in the semirigid seal a	 '
F3 is the radial pressure differential force on the semirigid seal Ii
4i Mres is given by Equation (8) of Reference 7
i
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5.	 DYNAMIC ANALYSIS
The general approach to the semirigid seal tracking analysis is the ,.ame as that for the OC
b	 diaphragm seal The analysis of the semirigid seal was performed using the inputs shown in
Table XX and the computer program described in Appendix A of Reference 3.
TABLE XX
INPUT DISTORTIONS USED IN THE TRACKING ANALYSIS OF THE
SEMIRIGID END AND INTERSTAGE SEALS
Mode
Number	 b	 E"'
n	 (inches)
	 (radians)	 (radians)
0	 0	 0	 0.003
Cruise	 1	 0..0015	 -0.00011
2	 0.0005	 -0.000037	 -
0	 0	 0	 0.0004
Idle	 1	 0.0015 	 -0.00011	 _
2	 0.0005	 -0.000037
0	 0	 0	 0.003
Take-Off	 1	 0.0015	
-
0.00011
2	 0.0005	 -0.000037
Note that, in line with the conclusions arrived at in the thermal distortion analysis, a tilt
angle(a) of 0.003 radian was assumed at both cruise and take-off conditions in the calcula-
tions of air-film thicknesses. At idle, where the likelihood of severe thermal gradients is
greatly reduced, the air film characteristics were taken at a tilt angle of 0.0004 radian.
The influence coefficients are listed in Table XXI and final tracking results are given in Table
XXII (see References 3 and 5). As in the OC diaphragm seal tracking analysis ; 'separate values
of minimum` film thickness are given for the n = 0, n = 1, and n = 2 conditions. The minimum
film thickness values for n = 0 were obtained from Figures 37, 38, and 40. It was then
assumed that all minimum film thickness losses were in phase and thus directly additive, yield-
ing the combined worst-case minimum film thickness shown.
Due to the positive tilt at high pressure differentials such as the ones encountered at take-off
conditions, the minimum film thickness actuallyincreases over the original parallel film thick-
ness. For lower pressure differentials, appreciable film losses can be noted. The idle condition
in particular, where the pressure differential across the seal is only 2'psi indicates a 58 percent
loss in film thickness in the minimum film thickness area. In general, however, considering
the conservative assumptions used, the tracking characteristics of the semirigid seal are quite
satisfactory.
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TABLE XXl
{t
r
INFLUENCE COEFFICIENTS FOR THE TRACKING ANALYSIS
OF THE SEMIRIGID INTERSTAGE SEAL
Condition	 n	 CA1	 CA2	 CB1	 CB2	 Cul	 Cut	 Cvl	 Cv2
Cruise	 0	 0.0052	 0.0	 0.9948	 0.0
	 0.4434
	
1.0000	 -0.4434	 0.0
1	 -9.0164	 -0.0458	 1.0126	 0.0372	 0.4987	 1.1267	 -0.4499	 -0.0166
2	 -0.0603	 -0.1417	 1.0325	 0.0785	 0.7012
	
1.5881	 -0.4333	 0.1086
0	 0.0019
	 0.0	 0.9980	 0.0	 -0.0784	 1.0000	 0.0784	 0.0
Idle	 1	 0.0045	 -0.0385	 0.9956	 0.0366
	 -0.0815	 1.0307	 0.0789	 0.0029
2	 0.0078	 -0.0872	 0.9932	 0.0752	 -0.0850	 1,0630	 0.0745	 0.0683
0	 0.4756	 0.0	 0.5244	 0.0	 0.2996	 1.0000	 -0.2996	 0.0
Take Off	 1	 0.3958	 -0.0253	 0 . 6034 	 0.0222	 0.2954	 1 .0457	 -0.2854	 -0.0105
2	 0.2576	 -0.0738	 0.7384	 0.0579
	 0.2911	 1.1153	 -0.2522	 0.0016
TABLE XXII
SEMIRIGID INTERSTAGE SEAL TRACKING RESULTS
Total
Mode	 Mean	 Minimum	 Minimum 3
Number	 Film Thickness	 Film Thickness	 Film Thickness
n	 a, radians	 hm	 hmin	 1iTmin
0	 0.000850
Cruise	 1	 0.003	 0.00102	 0.000851'	 0.00041
2	 0.000713
0	 0.000700
Idle	 1 '	 -	 0.0004	 0.00080	 0.00075	 0.00049
2	 0.00064 if
0	 0.001400;
Take Off	 1	 0.003	 0.00079	 0.000736	 0.00126
2	 0.000708 r
^I
r$
6.	 TEMPERATURE IDISTRIBUTION AND DISTORTIONS 'x
C	 -
a.	 Thermal Gradients,
The interstage seal is prone to the development of axial thermal gradients because of low, ,
film thickness and large seal diameters, which contribute to high heat generation (see Refer-
ence 3). Its low pressure differentials result in low leakage flow, and hence less heat carried
away by the air. Because of these reasons, the thermal analysis performed on the interstage f
seal was formulated with considerable attention to detail. Thus, the number of nodes was 1
increased, and the effects of orifice air supply passages, and turbulence in the outer diameter
0.060-inch recess region at the entrance to the seal face, were included in the analysis of the i
interstage seal.
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The nodal point distribution with adjacent subvolumes is shown in Figure 45 together with the
surface coefficient values at the seal boundaries. The final temperature distribution obtained
is shown in Figure 46.
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	 Diagram of Nodal Points and Subvolumes for Thermal Analysis of the
Semirigid Interstage Seal
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Figure 46	 Temperature Distribution ('F) in the Semirigid lnterstage Seal
Although, as expected, the overall temperature levels are higher than those obtained on the
end seal, the actual thermal gradients contributing' to seal rind tilt are not appreciably differ- ;~
ent. a.
b.	 'Thermal Distortions
As previously indicated, the semirigid seal is sensitive to distortion-producing thermal gradients.
This sensitivity is vividly demonstrated by the differences in the thermal distortions obtained i
on the end and interstage seals.
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The end seal thermal analysis was based upon laminar conditions existing in the originally
assumed 0.020-inch clearance between the upper portion of the seal ring and the runner. In
the interstage thermal analysis, the calculated turbulent heat generation in the increased
(0.060-inch) gap was included. The effect of this turbulence is important, inasmuch as it
raises the temperature difference between the average upper seal ring addition and the lower
Plain ring. This fact negates some of the restraining action of the upper seal ring on overall
ring tilt resulting from the axial thermal gradients.
y	 The calculations of thermal deformation indicated a seal face tilt of 0.00343 radian for the
interstage seal. The large deformation can be attributed to the heat input in the 0.060-inch
gap, as well as to the operating conditions. Substantial increases in the 0.060-inch gap to
reduce the heat generation are subject to physical limitations, and increases of a smaller order
or magnitude, such as doubling the original clearance value of 0.060 inch does not offer any
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G. FEASIBILITY ANALYSES OF THE REJECTED SEALS
In addition to the one-side floated-shoe seal, the OC diaphragm thin-strip seal, and the semi-
rigid one-piece (all of which were selected for final design and testing under Task I1), four
other seal designs were subjected to a detailed feasibility analysis. These four were the two-
.
side floated-shoe seal, the thin-strip plus piston ring seal, the thin-strip plus C-diaphragm
seal, and the flexure-mounted shoe seal. Because of manufacturing complexity, excessive
thermal or pressure distortions, or inability to track the motion of the runner, these seals
were not chosen for final design and testing. The feasibility analyses of these rejected seals
are discussed briefly below. More extensive discussions of the seals are contained in Refer-
ences 5 and 11
1. TWO-SIDE FLOATED- SHOE SEAL
The two-side floated-shoe seal is a circumferential seal in which rigid seal segments (shoes)
are pressure balanced in a radial direction between high pressure on the outer diameter and
a gas film between the rotating runner and the seal's inner surface. They are balanced in the
axial direction by hydrostatic bearings which allow the shoes to move freely between the two
containing surfaces to account for runner vibration, runout, and initial- waviness. These guide
bearings form the secondary sealing surfaces. This concept is illustrated in Figure 47. A ring
of shoes in used instead of a continuous primary ring so that centrifugal and thermal growth,
conformation to the runner, and minor distortions of the support ring can be accommodated.
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Figure 47	 Compressor End Seal Concept, Scheme A. Ref. P & WA Dwg. L-67714
and MTI Sketch D-2116
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The ring of shoes is formed by butting one against the other, all contained in the support
ring attached to the fixed structure of the engine. The joint between segments can be a
simple butt joint. Springs are used to supplement the pressure force, facilitating operation
R	 at low pressure differentials.
Sealing is accomplished by using inherent balancing to maintain a close clearance between
the shoes and the runner. Since slight radial movements of the shoes must be allowed for,
the shoes must be sealed against the support ring with controlled gaps. The leakaze paths
are, then,through the primary seal, through the secondary seals on each side of the shoe, and
through the gaps between the ends of the shoes.
The objective was to design a seal that would allow less than 0.10 lb/sec leakage when
operating under cruise and take-off conditions. The seal must have dynamic tracking ability
and sufficiently small distortions to ensure a maximum film thickness variation on all sealing
surfaces of 30 to 50 percent of average while accommodating a radial runout of ±0.008 inch
and, an axial motion of ±0.2 inch.
Both the interstage and end seals can be assembled in their support rings outside the engine,
and installed as units during the assembly of the engine compressor.
a. Primary Sear Selection
As in the case of the one-side floated-shoe seal, the hybrid Rayleigh pad seal (Figure 16) was
selected as the primary seal for the two-side floated-shoe seal because it exhibits the major
attributes required for a primary face seal. These attributes are good lifting force at low
clearance, increasing stiffness as clearance decreases, low leakage rate, and relative ease in
forming the steps on the surface. Optimization of Rayleigh step dimensions are very similar
to the optimization study for the one-side floated-shoe seal (see Section VD).
b. Force and Moment Balancing
The design procedure for both the end and interstage seals required the balancing of forces
-	
and moments caused by the pressure loads. Starting with a seal section of 0.50 inch by
0.50 inch, the pressure forces and the moments caused by these forces were balanced by
changing the lengths of the secondary sealing surfaces. This initial balanced condition re-
quired one secondary sealing surface to be 0.056 inch long. Since this was a very inefficient
use of the total length available, additional geometries were balanced in order to more nearly
match the lengths of the secondary seals. The design initially selected was case 7C in Table
XXIII and Cases, K, and L in Table XXIV. The subscripts "R" and "H in Table XXIII
refer to the hybrid Rayleigh pad and hydrostatic step geometries, respectively. This design
met all the goals for the compressor end seal and all requirements except dynamic tracking
for the interstage seals.
After reviewing this design, it was agreed that the relief step adjacent to the primary sealing
surface (y l andy4 in Table XXIII) should be a minimum of 0.08 inch instead of 0.04 inch. 	 r...
This change would allow additional clearance' between the stationary carrier and the rotating
runner.
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s	 TABLE XXIII
Z
SEAL BALANCING FOR TWA')-SIDE FLOATED SHOE SEAL	 <
;:	 D
A
DIMENSIONLESS QUANTITIES 	 DINIENSIONS	 CENTERS OF PRESSURE
b l
	M	 R	 W	 z	 h	 b	 bl	 b2	 b3	 11^	 h2	 h3	 it	 Y2	 Ya	 Y.	 YS	 Cpl	 Cpl
	
CDi	 CD4	 Cpa	 Cps Cpl Cps
IT	 .35	 '1.00	 .118	 -.810	 .431	 .500	 .500	 .175	 0	 .405	 ..170'. .3:50	 .096	 .04	 .0:1.	 .04	 .04	 .082	 .216	 .114	 .256	 .4.14	 .2025	 .361	 .091	 .02
1C '	 .35 - 1.00	 :.20	 .798 	 .426	 .500	 ..500 - .175	 0	 .499	 .171	 .330	 _064	 .04	 .03.	 .04	 .04	 .082	 .213	 .115	 .255	 .445	 .1995	 .349 .050 .02
2T:	 .35	 1.00	 .118	 .810	 .431	 .600.	 .500	 :.175	 0	 .405	 .170	 _330	 ..185	 .04	 .03	 .04	 .04	 .082	 .216	 .114	 .256	 ..501	 .2025	 .457	 -102: .02
p^	 2C	 .35	 1.00	 ..20	 .798'	 .426	 .600	 .500	 .175	 0	 .405	
.170	 ..330	 .121	 .04	 .03
	
.04	 .04	 .082	 .213	 .115	 ..255	 .502	 .2025
	
•431	 .092	 .02
$^-	 3T'.	 .35	 1.00 . .118	 .810	 .431	 .600	 .500	 .175	 0	 .405	 .200	 .•100	 _149	 '.04	 .04	 .04.	 .04	 .080.	 .216	 .131	 .309	 .531=	 .2025	 .340	 .087	 .02
3C	 .35 - 1.00	 .20	 -.798.	 .426	 .600	 .500	 .175	 0	 '.405	 .200	 .400	 .206	 .04	 .04	 .04	 .04	 .080	 .213	 _132	 .308	 ..532	 .2025	 .466 .111	
.02
4T	 .35	 .1.00	 .118	 .810	 .431	 .600	 .500	 .175	 0	 .700	 .400	 ,200	 .04	 .04	 AN	 .04	 .080	 .21fi	 .187	 .365	 .531	 .200	 .462 .109 .02
1pr	 4C	 .35	 1.00	 .20	 .798	 .426.	 .600	 .500	 .175	 0	 .400	 .400	 .200	 .04	 .04	 .04	 .04	 .080	 .213	 .213	 .389	 .532	 .200	 .464	
.108 .02
'-	 5T.	 .35	 1.00	 .118	 .810	 .431	 .700	 .500	 .175	 0	 .400	 .230	 .460	 .307	 .04	 .04	 .05.	 .04	 .090	 .216	 .148.	 ..352	 ..618	 .200	 .585	
.155	 .02
5C	 .35 -1.00	 .20	 .798	 .426	 .700.	 .500	 .175	 0	 .400	 .230	 .460	 .391	 .04	 .04	 .05	 .04	 .090	 .213	 .149	 ..351	 .619	 .200	
.603 .199 .02	 -
6T	 .35	 1.00	 .118	 .810	 .431.	 .600	 .480	 '.168	 0	 .400	 .200	 .400	 .200	 .04	 .04	 . 04.	 .04	 .080	 .2069	 .131	 .309	 .531	 .200	 •462
	 .109	 .02
6C	 .35	 .1.00	 .20	 .798	 .426	 .600	 .. .480	 .168	 0	 .4.00	 .200	 .400	 .200	 .04	 ,.04	 .04	 .04	 .080	 .2044	 .132.	 .308	 .532	 .200	 •464	
.108	 .02
7C	 .35	 1.00	 .20	 .798	 .426.	 .600	 .480	 .168	 0	 .384	 .200	 .400	 .15:3	 .04	 .04	 .04	 .04	 .080	 _2044..	 .132	 .308	 .532	 .192	
.444	 088	 02
D
SC (2-21-66) 	 .35	 .1.00	 .20	 .800	 .426 '	 .660	 .480	 ..168	 0	 .384	 .240	 .480	 .1111.	 .100	 ..100	 .04	 .1O0	 .140	 .2044 - .180	 .400	 .600	 .192	 .05
9C".(2-21-66)	 .35	 1.00	 .20	 .800	 .426	 .640	 .480	 .168	 0	 .384	 .220	 .440	 .118	 .100	 .100	 .08	 .100	 .180	 .2044	 .169	 .379	 .589	 .192	 •05
IOC (2-21-66)	 .35	 1.00.	 20	 .800	 .426	 .700	 .480	 168	 0	 .384.	 .220	 .440.	 .172.	 .100	 .100	 .140	 .100	 .240	 .2044	 .169	 .379	 .649	 .192	
.05
m	 11C (2-21-66)	 .35	 1.00	 .20	 .800	 ..426	 .700	 .480	 .168	 0	 .184	 .210	 .420.	 .173.	 .100	 .100	 .170	 ..100	 .270
..
	 12C (2-21-66)	 .35	 -1.00	 .20	 .800	 .426	 .700	 _480	 _168	 : 0	 ..384.	 .240	 .470	 .1660.	 .100	 .100	 .100	 .100	 ..200	
.601	 .171 _
13C (2-21-66)	 .35	 -1.00	 _20	 .800	 .426:	 .700	 .480	 .168	 0	 .384	 .200	 .480	 .158	 .100	 .100	 -100	 .100	 .200	 .0
	 14C (221-66)..	 .35	 1.00	 .20	 .800	 .426	 .720	 .480	 .1f,H	 --	 0	 .3H4 - ..300	 .520	 ..1.55	 .100	 .100	 .100	 .100	 .180
15C (2-21-66)	 .35	 1.00	 .20	 .800	 .426.	 .750	 .480	 .168	 0	 .384	 .360	 .580.	 .080	 .100	 .100	 .050	 .100	 .150
.f....	
0"	
16C.(2-22-66)	 .35	 1.00	 .20	 .800	 .426	 .660	 .480	 ._168	 0	 .384	 .220	 .440	 .OH3.	 .100	 .100	 .120	 ..100	 .220
17C (2-22-66)	 .35 - 1.00	 .20	 .800	 .426	 .660	 .480	 .168	 ..047	 .384	 .220	 .340	 .220"	 .100	 .100	 _100	 .100	 .200
IBC (2-22-66)	 .3u	 1.00	 .20	 .800	 .426	 '.750	 .480	 .168	 0	 .394	 .220 "	 .440	 .194	 .100.	 .100	 ".190	 .100	 .290
19C . (2-22-66)	 .35 r-1.00	 .20	 .800	 .426	 .800.	 .480	 .168	 0	 .38.1	 .220	 .440	 .212	 .100	 .100	 .240	 .100	 .340
_c..
1	
1rb
HIGH
BALANCE USING RAYLEIGH-STEP SEAL ON PRIMARY SURFACE & HYDROSTATIC STEP ON ALL OTHERS
C/	 h1	 lyR	
_XR	 YYM.	 XN :	 h	 b	 bI	 bz	 b3	 n7	 h2.
	
h3	 lI	 Yp	 Y3	 Y4	 Y5.	 Jb	 (FILM)
20C	 2.125 ';.001	 .802	 ..432	 .800	 .426	 .690	 ,480.	 ----	 0	 .:SH6	 .230	 .460	 .1411	 .100	 .100	 .100	 .100	 .200
21C	 2.125	 .001.	 .802	 .432.	 .800	 .426..	 .750	 ..380	 --	 0	 .3813	 .!50	 .500	 .156	 ..100	 .100	 .100	 _100	 .200
22C	 2.125	 . .001	 .802	 .432.	 .800	 ..426.	 .800	 .460	 --	 0	 .38i;	 220	 .440	 .213	 .100	 .100	 .240	 .100	 .340
j
FINAL GEOMETRY OF CASES 19C and 22C ARE IDENTICAL LXCFP9' FOR DIAL b 3 AND
CASE 22C USES RAYLEIGH STEP ON PRIMARY SEALING SURFACE.
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F . SECONDARY SEAL ENVELOPE PARAMETERS
NOSe	 SEAL PARAMETERS
*_ 0, 0001
0.4006
	
N0,19	 NO. 22
	
..
±0.0001DESIGN N06	 NO.6A	 N0.70:5006
	
0.384	 0.386
	
0.40	 ±0.0001	 0.384	 0.12	 0.12
0.4000	 0.2	 0248	 0.248
M1 0.32	 0:367	 0.12	 0.6	
0.12
t	 016
	
0.40	 0.16
o]
L t
	
	 0.12
	
0.112
	 9.12	 0.112
*0.16	 0.16	 10.113
0.480-►I	 E.--	 ­40.480 Fes-	 0.480 ^-+00001	 RAYLEIGH PAD0.5000}	 CASE A B C	 REDUCED MASS OTHERWISE
	
TO L STUDY	 CASE J K L mSAME AS NO. 6	 CASE G 81 Hm SOLID =0.0553	 CASE D E c	 d °^Mg = 0.0496
M", =0,0471
011	
a _ m
rn
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Primary Seal	 Secondary Seal	 E. W
C!1
Case	 Description	 W	 H	 h2-hi	 hl	 R	 (PZ-PI) M	 M	 H h 2 - hl h l	 M	 M	 MT	 Ks	 L8/IN. 8^f	 6/ 8 1 MIN
MILS MILS	 PSI	 LB/SEC-1N.	 MILS MILS	 LB/SEC-IN, LBM/SEC	 m	 h MILS
A	 End Seal (#6) Cruise Nominal 	 . 798 1.00	 1 , 0	 1.0	 .200	 80	 2.22	 .3x10-3	 1.00 .3	 .3	 2.22	 , 103x10_3 	.035 .082	 .0553	 . 033 .264 .74
	
'	 II
B End Seal (#6) Takeoff - Nominal	 ,810 1.00	 1.0	 1.0	 .120	 150	 2.28	 1.32x10 -3	 1.00 .3	 2.28 . 61x10-3	.148
C Interstage Seal-Cruise-Nominal
	
.771 1.00	 1.0	 1.0	 .445	 25	 1 .85	 . 05x10-3 	1.00 .3	 .3	 1.85 .02x10-3 	.006 .095	 .0553	 . 09	 .720 .28
D Interstage Seal-Cruise -Nominal-Reduced Mass GA	 .095	 . 0471 . 077 .640 .3611
E Interstage Seal-Cruise-Nominal-Increased Film 6A 	 .705 2.00	 1 . 0	 2.0	 .445	 25	 1.45 	 .31x10 -3	 1.00 ,3	 .3	 1.85 . 02x10-3	.035 .050	 .0471	 .15	 .60	 .80
F Interstage Seal-Cruise-Nominal-increased Film 6A 	,771	 1.00	 2.0	 2.0	 .445	 2.-,	 1,36	 .33x10- '1	 1.00	 3	 3	 1.85	 02xi0-3	 A3G	 095	 0471	 16	 64	 .72
G End; Seal (6B) Cruise-Maximum Flow Cond.	 .757 1.560	 0.9	 1.4	 . 200	 80	 1.87	 . 73x10'3 	2.00 . 2	 .4	 1.80 .20x10 	 065 .060	 0471 .035 .200 .72
H End Seal (6B) Cruise -Maximum 61h Condition	 .84.0	 .543	 1.1	 0	 .200	 80	 2.110	 076x10 -350 :4	 2	 2.014 . 0301x10 _1 	.010 .082	 6471	 . 031 .41	 .66
J	 End Seal (7) Cruise-Nominal 	 . 800	 .98	 1.0	 .98	 . 200	 80	 2.2.1	 .31x10-'i	 1.00 . 3	 .3	 2.22 .11x10
-3
	.030 . 082	 .0471	 .028 . 240 .76
K End Seal (7) Cruise-Maximum Flow	 .797 1.00	 1.1	 i. 10	 .200	 80	 2.21	 .922x10- '1 	 2.00 .2	 .4	 1.77	 19x10-3	 OGO	 083	 .0471	 030	 240	 84
{	 L End Seal ( 7) Cruise-Minimum Flow	 803	 9(;	 . 9	 .813	 .200	 80	 2 . 25	 L1:r10-3	 .50 .4	 .2	 2.55	 04x10-3	 .020 .081	 .0471	 . 252 .67	
1
`	 M End Seal (M9) Cruise Nominal	 . 800	 .98	 1.0	 .98	 .200	 80	 2 . 24	 .31x10-3	 1 . 00 .3	 .3	 2.22 . 141x10-3 	.038 . 082	 .0638 . 04	 .329 .67
N Interstage Seal (#22) Cruise Cond. 	 . 802	 --	 ---	 1.00	 .4 4 5	 25 Q =1.12	 .84x10'3	 1..00 •3	 ,3	 2.22 . 141x10-3	.072 . 244	 .0638	 . 044 .352 .65
per step
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In order to increase this step, the seals had to be redesigned to be pressure balanced. A
relief step of 0.100 inch was chosen, and the overall height had to be increased, to 0.80 inch
to keep the secondary seal lengths long enough to seal effectively. The result of this re-
design is presented as Case 19C in Table XXIII, and meets all design objectives for the com-
pressor end seal.
An interstage seal using a Rayleigh step for the primary seal and a hydrostatic step seals for
the secondary seals was selected and balanced in the same manner as the end seal. Its
dimensions are shown as Case 22C in Table XXIII and Case N in Table XXIV. This seal met
all the design requirements and is the one shown -.,,n Figure 47.
The differences between the interstage seals and the end seals, are slight changes in dimen-
sions to maintain f6rce and moment balance, and a different holding ring, so that the inter-
stage seal will fit in the available space. The weights and volumes of the two seals are
essentially the same.
C.
	
Leakage
The calculated total leakage for the seals is given in Table XXV.
TABLE XXV
LEAKAGE FLOW TABULATION
End Seal	 Interstage Seal
(lbm /Sec)	 (lbm/sec)
Cruise
"h.
'Primary	 0.0142	 0.00248 x
Secondary	 0.0130	 0.00263
Segment Gaps	 0.0630	 0.02650
Total	 0.0902	 0.03161
Take-Off
Primary	 0.0825	 0..0145 _.
Secondary	 0.0716	 0.01213
Segment Gaps	 0.1294	 0.05330
_T
Total	 0.2835	 0.0799
d.	 Tracking Capability
The seal's tracking capability was estimated by assuming that the mass of the shoe is supported
by the spring from the support and by the stiffness of the gas film between the shoe and
the runner. The analytical model is shown in Figure 48. The tracking criterion was that the
relative motion between the shoe and the runner should not exceed 0.3 times the film thick-
ness. For the end seal, it was found that the ratio of relative motion to film thickness was
0.19, and for the interstage seal the ratio was 0.29. Both of these values were considered to
be marginally acceptable. !1-
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RUNNER f = f COS (nwt)
where fn = 1/2 amplitude of runner disturbance. sz
Figure 48
	
Analytical Model for Seal Tracking Analysis
e. Thermal Distortion Effects
The temperature distributions in the end and interstage seals were calculated for eight
different conditions:
Metal of low conductivity, 1200°F core
4	 Metal of low conductivity, 1300°F core 	 -
Metal of low conductivity, l 100°F core 	 {
Metal of moderate conductivity, 1200°F core	 -
• Highly conductive shunt in runner, moderately conductive metal-elsewhere;
1200'F core
x	
•	 Highly conductive shunt in shoe, moderately conductive metal elsewhere, 1200°F }
co #,
•	 Highly conductive shunt in shoe, moderately conductive metal elsewhere, 1300°F t
core
•	 Highly conductive shunt in shoe, moderately conductive metal elsewhere, 1100°F 	 j.
core	 ..
I.
For metal of moderate conductivity and a 1200°F core, the runner distortion was found to
be a crowning of the seal runner of 0.063 mil. That amount of distortion is well below any
dimensional change that can be considered to be serious.
F	 The only potential thermal problem area found in the seal was the temperature gradients
within the shoes. Use of a material with two to three times the normal conductivity of
Inconel will relieve even this zone of potential problems.
	 }
}
^
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f.	 Mechanical Distortions '	 4°
The mechanical distortions of serious concern for this design are those caused by pressure
centdifferentials across the sides of the support ring, by pressure across the runner, by the 	 rif- y
ugal growth of the runner, and by runout of the runner.
For whatever centrifugal growth is present, the major seal design requirement is to prevent
the intersegment gap from becoming too large or too small. The gap between segments at
the cruising conditions should be kept less than 0.009 inch to prevent leakage from becom-
ng excessive. The gap in a cold, non-operating engine can be virtually that of the finish of
the butting surfaces. When the runner is designed, this can be taken into account. The less
design growth, the less the intersegment gap will be, and the less the leakage will be. Because
the gap flow is orifice-controlled, leakage will be directly proportional to the gap width.
It is assumed that the accuracy of the face seal will be held within 0.0003 inch and the
accuracy of the secondary seals to within 0.0003 inch to prevent binding;
g.	 Wear and Rubbing Life 4:
Under ideal conditions with a retractable seal, there should be no wear or rubbing, since ;.
the seal th-e runner theoretically never touch. With a lift-off type of seal, which rubs until
lift-off occurs, materials at the seal faces must be properly chosen to ensure sufficient lif e. +	 -.-..
In !practice, however, there may be momentarycontact between the runner and the surface
of ;either type of seal at high speeds, a condition which requires opthalum material com-
patibility to minimize wear.
h.	 Stress Considerations
Except for the runner (which is considered part of the compressor rotor), the only part of
the seal subjected to any significant stress is the support strLicture. This structure can easily
I	 be' made to support the compressive pressure loading with as little stress as desired. In
addition, the support structure is similar to that required for any seal, so it was not considered
as a, controlling factor in the seal-design.
i.	 Tolerance to DirtI 4
Dirt in the primary seal can be passed quite readily if it is small enough. The limiting size <
will correspond to a particle at the trailing edge sufficiently large to cause the sh..tie to tip i
I	 until it touches the containing walls. The maximum size of the particle is then the normal
gap at the trailing edge plus the amount required to tip the shoe by 0.0003 inch (the
operating clearance). Since the shoe has a nearly square cross section, this gives 0.0013 inch 4
as,a tolerable particle size, assuming that no embedding_ occurs. The secondary seals cannot
pass any larger particle than the total available shoe travel ;
 or 0.0006 inch.
j.	 Maneuvering Loads
i
I	 The-only parts of this seal subject to g-loading : and whose tolerance to such loading cannot
i	 be established elsewhere in the engine are the shoes. Thus, the shoes can stand g-loading in
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any direction up to the point where they touch. For all practical purposes, since the shoe
weights are quite small, the allowable g-loads are higher than will ever be encountered. Con-
sidering that the shoes weigh about 0.0553 pounds per inch, and that the mean film stiffness
of the secondary seals between normal position and touching is about 2400 pounds per
square inch, for -a movement of 0.0003 inch (the normal operating gap) the required g-load
to close the gap is 0.0003 x 2400/0.0553 = 13 g. in the axial direction.
It will be even greater in the radial direction since the average film stiffness of the Rayleigh
step seal is far greater than for the hydrostatic step used on the secondary seals.
k. Fail-Safe Considerations
If the springs on the shoes fail and they are normally retracted, the seal will function normally
until the engine stops and the shoe will not retract. Slow-speed touching of the seals should
have no serious effects on the structure or seals. It is assumed that maintenance will take
place after such an incident. Thus, using a conservative approach to selection, of coating
materials, the seals can be made fail-safe as far as rubbing is concerned.
Cocking of the shoes is discouraged by the small allowable movements. With cocking, the
potentiality of serious effects will exist because of the high runner speed, but properly
chamfered corners and leading edges of the primary face material should prevent any
scraping or gouging of the runner:
1.	 Materials
Except for coatings the entire assembly will be made from Inconel X-750. The shoe con-
struction technique has not yet been established, however. As discussed previously, it is
necessary to have an efficient thermal conductivity in the shoe of two to three times that of
Inconel X-750. This can be achieved by several methods, but the three most probable ones
are:
•	 Sintered Inconel X-750 impregnated with silver
•	 Inconel X-750 structure with silver' slabs sandwiched in between. 	 i
•	 Commercially pure nickel
If nonretracting seal with hydrodynamic lift-off is to be used, the: seal, face material will
probably be a flame-sprayed--oxide or carbide ground to the proper shape and finish. The
runner, too, maybe coated with a thin layer of dry lubricant. Best coating materials or
surface treatment_ will be established after the basic decision of shoe structure is made.
u-
m. Off-Design Operation
The operation at take-off requires primarily that the seal remain balanced, or that only
slight cocking occur, and that the primary seal gap remain sufficiently large. Leakage is not
so important during take-off as during cruise, The unbalance that can occur during take-
off is only about 0.003 inch-pounds per inch of circumference: insufficient to be of copse-
r	 quence.
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24 THIN-STRIP PLUS PISTON-RING SEAL
A schematic diagram of the thin-strip.-plus piston-ring seal is shown in Figure 49. The main
design feature of this seal is that the primary seal element is a continuous, flexible, thin
strip. The thin strip must be extremely flexible so that it can be readily bent or twisted
under the action of the gas-film forces to follow any mechanical, thermal, or elastic distortions
of the rotor face without contacting it .  The thin ring, as shown in Figure 49, is flexibly
attached to a seal carrier by means of coil springs and guide pins. Secondary sealing between
the thin strip and the carrier consists of a fully floated piston ring which permits the thin
strip to follow any runout or wobble of the face.
0.600 0.062
0.010
0.095	 r0.;190	 0.030	 1	 1.312
	
11	 ^,^	 r r lr	 -
PISTON RING	
SECTION BB	 1
5 z SIZE	 —	 - -
THIN '	 i	 LW—CSTRIP
RADIUS
12.562
	
0.125
	
APPROX	 I
0.001s
RUNNING
CLEARANCE
iiiiiiiiiiiiiiij
n
B
01
I Q.
x
B	
PARTIAL SECTION CC
	
Figure 49
	 Thin-Strip-Plus-Piston-Ring Seal
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An orifice-compensated hydrostatic gas film is suggested as the means to separate the
primary seal face and the rotor face at high speeds. Two rows of orifices are shown in the
schematic to provide a greater angular stiffness to keep the edges from rubbing the rotor.
The seal carrier design is similar to the one-side floated-shoe design.'
a.	 Design Criteria
The most essential requirement of the thin strip is that the seal be sufficiently flexible to
compensate for any initial angular distortion, thermal coning, and residual unbalanced mo-
ment. A first-order design criterion was based on the assumption that the twist :angle, the
gas-film restoring moment, and other forces acting on the seal ring are all axisymmetrical,
that is, they do not vary in the circumferential direction. In reality, the initial angular dis-
tortion is likely to contain a considerable degree of asymmetry. Therefore it was found
necessary to keep the area moment of inertia of the seal section. about its centroid and the
effective polar moment of inertia of the seal section to a minimum. In addition, the material
of the strip had to be chosen to have its Young's modulus and shear modulus as small as
possible.
b.	 Primary Seal Concepts
Three types of primary seals were considered for the thin-strip plus piston-ring seal. They
were the single-pad double-orifice spiral-groove seal, the double-pad spiral-groove seal, and
the double-pad Rayleigh-step seal. Since a very high film stiffness is required for the thin
Jstrip design, these three candidate seals were analyzed for stiffness at the cruise conditions'. The
gas-film stiffness for the single-pad double-orifice spiral-groove seal was found to be 16,500
psi/in, while that of the double-pad spiral-groove seal was found to be 23,700 psi/in, and
"	 that of the double-pad Rayleigh-step seal was found to be 15,000 psi/in. The-double-pad
spiral-groove seal was chosen for the primary seal, since it provided the maximum film stiff-
ness and the continuous thin strip permits a continuous spiral-groove pattern without any
interruption.
C.	 Force and Moment Balance
,The forces acting on the primary seal ring are shown in Figure 50.
The moment produced by W 1 , W2 and W3 'about the centroid is a couple which is equal to
'	 the moment of the same system about A. Taking moments about A
M1	 = 14 x 1.1125 + 40 x .3 - 54 x .3375 = 9.35 inch-pounds (clockwise) .
The moment produced by W4 about point A is equal to
M2 = -48 x.195 = —9.35 inch-pounds
Therefore, the total moment of all forces about the centroid is exactly balanced.
.r
The dimensions of the cross section of the primary seal ring can be found in Figure 49.
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0.675
Imo--
W3 	 54 LB
0.3375
AXIS Z—Z	 A	 W4 — 48 LB0.195
y = 0.105	 0.600
0.4	 0.6
0.3125
0.2	 0.26
a^
W1 = 14 L6
W2 = 40 LB
Figure 50
	 Forces on Primary Seal Ring at Cruise Conditions,
d. Seal Tracking Requirements
}
In the preliminary considerations, it had already been determined that for satisfactory seal
tracking, thy; motion of the seal relative to the runner could not exceed 0.3 times the film	 t
thickness. This criterion was used to determine the flexibility and distortion requirements
for the thin-strip seals (Reference 11). For an average film stiffness of 2775 in-lb/in-rad, it
was calculated that saddle-shaped distortions of the seal face could not exceed 0.0016 in/in
in the circumferential direction.
e. Other Considerations
i
Because of the tendency of the cylindrical segment of theprimary ring to collapse under' the
differential pressure, the bending stress at the joint between the cylindrical section and the
plate section is estimated to be 120,000 psi (neglecting the stiffening diagonal). Yield at
1200'F would be expected to reduce this stress. {
It was determined that the welding of the stiffener would probably present some challenging
problems in the fabrication of the ring. The required tolerance on the flatness of the seal
face when the seal is supported (as in an engine assembly) is as follows:
At all angular positions, the primary ring surface is to be in a single plane within^r
0,:0005 in/in, measured in the radial direction. 	 n	 ^§
JA
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•	 At all radii, the primary ring surface is to be in a single plane without 0.0008 in/in,
measured in a circumferential direction.
•	 At any single radial cross section, the primary seal face must be straight within
0.00002 radian total.
The tolerance required for proper alignment of the primary ring with the runner face is parti-
cularly close. At the end of the feasibility analysis (Reference 11), there was some doubt
that such a close tolerance could be achieved for such a large-diameter ring.
3. THIN-STRIP PLUS C-DIAPHRAGM SEAL
.A detailed layout of the thin-strip plus C-diaphragm seal is shown in Figure 51. This concep
is very similar to the thin-strip plus piston-ring seal. The only difference is in the secondary
sealing. This design utilizes a C-diaphragm as the secondary seal between the thin strip and
the seal carrier in place of the piston ring. The cross section of the primary seal is not as
deep as the other thin-strip design, and is more flexible. The types of primary sealing surface
considered here were identical to those considered for the thin-strip one-piece concept, and
the double-pad spiral-groove seal was chosen for this design as well as for the one-piece design.
A more detailed discussion of the seal is contained in Reference 11.
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	Figure 51	 Layout of Thin-Strip-Plus-C Diaphragm Seal 	
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a. Force and Moment Balance
The forces acting on the primary seal are shown in Figure 52. The moment produced by
W1, W2, and W3 about point A is
r
1.0625
WS = 80 (d) LB
AXIS Z-Z
	
0.0625	 /	 W4 = 801R1 LB
0.33750.125 d
	
(R
W3 =	 54 LB
A	 d ^Yc
,^	 2	 Yc'.0.2	 0.26	 c
0.4	 0.6
W^'= 14 LB ig
W2 = 40 L6
0.675
Figure 52	 Forces Acting on the Primary Seal
3
M 1 =14x0.8625+40x0.26-54x0.3375 4.3 in-1b/in
If we let d = 0.25, the value of y C is found to be 0.0765 inches. The moment produced by
W4 and WS becomes
M 2 —80R(d — y C ) - (0.250) (80) (d y C ) _ —13.9R  — 0.972-
For a perfect pressure balance, M 1 + M2 = ,0, and R = (4.3 0.97)/1319 = 0.24 inch
Therefore, a 0,24-inch-radius C;diaphragm is required for pressure balancing the primary seal.
b. Seal TrackingRequirements
i
In the preliminary calculations, it had already been determined that for satisfactory seal track-
ing, the motion of the primary ring relative to the runner could not exceed 0.3 times the film s:
thickness. This criterion was used to determine the flexibility and distortion requirements
for the thin-strip plus C-diaphragm seal. For an average film stiffness of 920 in-lb/in-rad, it
was calculated that saddle-shaped distortions of the seal face could not exceed 0.0025 in/in
in the circumferential direction. This requirement is a little less stringent than that for the
thin-strip plus piston-ring seal, but it will still be difficult to achieve for a large-diameter ring.
r
r,
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C. Other Considerations	 i
The flexibility of the C diaphragm was examined by determining its axial stiffness, assuming
that the C section behaves locally like a curved panel. Using this assumption, the expression
m	 for the stiffness of a complete ring is
1	 El
K 0.149 R3
(Reference 12)
For the C disphragm, the stiffness would be half of that calculated by the above expression, 	
H
since the C diaphragm is a half-ring section. Using this expression, the axial stiffness for a
0.005-inch-thick diaphragm with a radius of 0.25 inch is found to be 67.5 lb/in-per inch of
circumference. It appears that the flexibility of the primary seal is not seriously affected by
the C diaphragm.
The bending stress in the C diaphragm for a given axial deflection will be identical to that of
a complete ring section.
The bending stress can then be expressed as
Q	 0.318 ES 
t
B	 2R2 P
where 5 is the axial deflection and t is the thickness of the diaphragm. The direct stress is
simply -
R
a	 PZ
t	 t
where P2 is the sealing pressure.
r
Using these formulae, the bending and direct stresses were found to be 3800 psi and 7500 psi
respectively for t = 0.005 inch and 5 0.01 inch. These values are certainly not serious.	 t.
The C diaphragm can either be welded to the primary seal or seated in a circumferential
groove of the seal .ring. In either case, the deformation of the seal ring will be partially re-
strained by the C diaphragm. The exact influence of the C diaphragm on, deformation would
require a full analysis of the deformation of half of a toroidal shell under asymmetrical loads.
b	 Since the calculation by neglecting the C diaphragm already indicated difficulties in meeting
the flexibility requirement, the detailed shell analysis of the C diaphragm was not performed.	 l
4. FLEXURE—MOUNTED SHOE SEAL	 i
The end-seal design for the flexure-mounted shoe seal is shown in Figure 53. The primary seal
elements consist of 24 shoes (1) individually suspended on flexible tabs (2) from a continuous-
PAGE NO. 115 i
iY
r..
PRATT & WHITNEY AIRCRAFT
hoop carrier (3). The face of the primary seal ring is double padded, with both pads using the
Rayleigh shrouded-step design. The upper and lower pads are separated by an annular groove
which is 0.020 inch deep and 0.2 inch wide. The upper pad is supplied with high-pressure air
directly at the seal's outer surface. The air comes through radial grooves leading to the Rayleigh
recess. The lower pad's high-pressure air is supplied by radial drilled passages to the individual
Rayleigh shrouded-pad feeding holes.
POSITION PIN SECTION
O
LOAD SPRING SECTION
3
__	 4
1
7
o .
 coo
2
00	 00000.
8
ao	 o
I E3
. R
SHOE FACE
5	 6
DOUBLE PAD
4
RADIUS
RADIUS
RAYLEIGH
SHROUDED-STEP' ;13.370 IN.
13.5001N.	 RESIGN
Figure 53 	 End Seal Design for Flexure-Mounted Shoe Seal .
Each shoe is individually preloaded by a helical coil spring (4), which extends from the shoe to
the, fixed test-rig adapter. The entire seal is centeredand prevented from rotating by four_
axial eccentric pins incorporated in the-carrier in a manner identical to that described for the a
OC diaphragm thin strip seal. The carrier is sealed and floated by two piston rings (5) in order
to reduce friction and to accommodate axial motion requirements. Each of the piston rings F..
main sealing surfaces incorporates the step-bearing principle. Y<
In order to arrive at a feasible configuration, three preliminary' design requirements had to }
be satisfied:
r
-	 •	 For ease of assembly, the shoes must be pressurized on outer rather than inner
surfaces.
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•	 The flexible strips must be in tension to avoid buckling problems.
•	 The piston rings must ride on the outer surface of the carrier in order to simplify
manufacturing and assembly.
The overall design was arrived at using these basic requirements. Specific dimensions were
the result of analytical considerations.
a. Selection of Primary Seal Configuration
Out of the primary seal geometries under consideration, the Rayleigh step is themost applic-
able to the flexure-moulted shoe design. The spiral groove is less effective by virtue of its
dependence upon continuous pumping grooves. End leakage effects at the shoe-to-shoe
clearance will also be present with the Rayleigh step. However, these should generally be of
a much lower magnitude and restricted only to the lower pads, since the upper-pad boundaries
are exposed to full supply pressure.
Although the double Rayleigh pad design appeared to be superior to any of the other available
primary seal designs, it had one inherent weakness. Examination of the seal's performance
revealed a rapid decrease in the slope of the restoring moment with respect to an increase in
tilt angle, the slope becoming negative at a seal-tilt angle of 0.001 radian. The negative slope
indicates a negative angular stiffness, which may cause the gas film to become unstable in
the angular mode.
b. Force and Moment Balance
A;
Force and moment calcuiations were performed for the end seal at cruise conditions. Forces
acting oil cross-section of the seal are shown in Figure 54.
x4 _.	 Fs
r -°
L
X1	 F3	 I
2	 P 5	 yl
0.250
	 y 1	 i
IN.
	
2 I
x	 F6
y2
F4
0.125 IN.
0.6	 0.6	
f
i	
Vi	 IN.
	 IN.
	
N.
x xc2	3	 x2	 c1
FZ	 F^	 ..
M
Figure 54	 Free-Body Diagram for the Flexure-Mounted Shoe Seal
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The equations describing the free body equilibrium are: E
4
Axial Forces	 +	 -	 _E FY _ 0, F,	 F2 — FS	F.3 (20)-
Radial Forces E FX = 0, F4 + F 5 = F6 (21)
P
Yi	 x,Moments	 Eo = 0, F 1 x2 + FS	 _ F 2 x 3 — F3	 — F S x4 _ F4Y2 = 02	 2 (22) e
The following dimensions and farces are either known from data on Rayleigh pads or have
been arrived at because of mechanical design requirements.
^i
F, = W, Apb = 0.8376 (80) (0.5) = 33.504 lb/inch-circumference @ Xc l	_ 0.218 inch 4
F2 _ W2 0pb = ,0.633 (80) (0.5) = 25.320 lb/inch @ Xc2 = 0.250 inch
F4 = 2y 2 Op = 0.250 (80)	 20 lb/ inch @Y 2 = 0.125 inch
F' = 0.5 lb/inch @ X4 = 0.30 inch if
Xa = x, - x^ 1 = x,	 — 0„218 (23)
n
y	
-	 —
—
X3 — 1,2 — x,	
— x
	
1.2 — 0.25 - x,	 0.95	 x, (24)
c2
From Equation (20), to balance axial forces on the seal a
r^	 a
F3 = 33.504 + 25.320 — 0.5 = 58.324 lb/in
Y
F3	 _ 58.32 +
X,
_	
= 0.729 inch
Op	 80
From Equations (23) and (24)
-	 x2	 = 0.511 inch, x 3	 _ 0.221 inch
From Equation (22),
33.504 (0.511) + F5	 Yi — 25.320 (0.221) = 58.324 (0.3645) — 0.5 (0.30)
2
— 20 (0.125) = 0.
Hence, to balance moments on the shoe;
F5	 Y^	 =	12.40;`
it
2 }
But s..
F5 = Y1 4p,
iL
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kTherefore
2 1-21:4.80Ap 2 = 12.40, Y1 =
	
= 0.557 inch80 ;.
and
F 5 = y  Op = 44.6 lb/in
From Equation (21), to balance radial forces on the seal
F6 = 44.6 + 20 = 64`.6 lb/in
Pressure differentials, dimensionless loads, film thicknesses, and , residual moments were cal-
culated for both the end and interstage configurations of the seal at cruise, idle, and take-off
conditions (Reference 5). The results of the calculations are shown in Table XXVL
C.	 Leakage
There are three leakage paths in the flexure-mounted shoe seal: past the mails seal, between
the shoes, and past the piston ring. Leakage calculations were performed for both the end
and interstage configurations of the seal, for all three leakage paths (Reference 5).
	
Leakage
through each ofthe paths and total leakage are shown in Table XXVII. Y;
TABLE XXVI
FILM THICKNESS AND RESIDUAL MOMENTS FOR THE FLEXURE
MOUNTED SHOE SEAL
End Seal
M
res
Op	 F	 x	 hm	 (in-lb) 
• :	 ^.._	 I	 2C 	e
(psi)	 W	 W1	 W2	 ( in)	 (in)_ 	 (in)	 in <
Cruise	 80	 1.470	 0.8376	 0.634	 0.218	 0.25	 0.001	 0
Idle	 13	 1.534	 0.874	 0.660
	 0.220	 0.25	 0.00084	 0.05 k='
Take-Off	 150
	
1.464	 0.834	 0.630	 0.219	 0.25
	
0.00092
	 0.12
interstage Seal
Cruise	 25	 1.498	 0.870
	
0.625	 0.214	 0.25	 0.001	 0.08'
Idle	 2	 1.958	 1.042	 0.916	 0.223	 0.25	 0.0009	 0.11
Take-Off	 50	 1.478	 0.843	 0.635	 0.214 	 0.25
	 0.00074	 0.06
f
t
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TABLE XXVII
LEAKAGE IN THE FLEXURE MOUNTED SHOE SEAL
r
a = 0
End Seal*
Main Seal Leakage	 Shoe Clearance	 Piston Ring	 Total Leakage
(double pad) (lb/sec) 	 Leakage (lb/sec)	 Leakage (lb/sec)	 (lb/sec)
Cruise	 0.122	 0.055	 0.0164	 0.1934
Idle	 0.036	 0.023	 0.0054	 0.0654
Take-Off	 0.506	 0.118	 0.0966	 0.721
Interstage Seal*
Cruise	 0.056	 0.027	 0.0078	 0.081
Idle	 0.009	 0.011	 0.0024	 0.022
Take-Off	 0.140	 0.062	 0.0520	 0.254
*Seal — Tilt Angle is 0.
A
d. Tracking Results
The tracking analysis was worked out for the end seal using wobbling and saddle-shaped
runner distortions. The results for this case as well as for the interstage seal at cruise are
shown in Table XXVIIL
To be conservative, it was assumed that the axial and angular shoe responses u 1 and a to
rotor inputs S and c are additive, regardless of sign convention. -Initial rotor angular defor -
mation c was assumed as 0.5 milliradian and 0.3 milliradian for the wobbling (n 1) and
saddle-shape (n = 2) modes, respectively. The loss in film thickness, even with the more
conservative assumption, does not exceed 12 percent when both modes are combined.
As in the OC diaphragm seal, all of the natural frequencies of the flexure-mounted configura-
tion (with the exception of one) are out of the range of operation. The only natural fre-
quency of concern is the one resulting from the carrier-mass and tab-spring-support system.
This frequency can be determined from the sign change of the frequency determinant, as a
function of speed. According to the computed results, the determinant changes sign between
2000 and 3000 rpm, indicating that the natural frequency occurs at some speed within the
2000- to 3000-rpm range. This is safely below the idle speed, which is approximately 	 . 2
4000 rpm.
The analysis also yields the carrier response (1.1 2 ) to the rotor deformations (5) and (e). For
the specific case discussed here, the combined carrier response to the given wobble and
saddle-shaped inputs is only 0.24 mil for the end seal and 0.01 mil for the interstage seal. r
To summarize, the tracking results in general indicate excellent behavior of the flexure- 	 ^I
mounted shoe seal under dynamic conditions. 2 M .
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TABLE XXVIII
TRACKING ANALYSIS RESULTS FOR
THE FLEXURE — MOUNTED SHOE SEAL
i
Rotor Deformations	 Carrier	 Film Thickness	 Shoe Response
Wave	 Axial	 Angular	 Response	 Axial	 Angular
Order	 S	 e	 u2	 hm	 hmin	 u l — S	 a— e
n	 (in.)	 (rad.)	 (in. x 106)	 (in.)	 (in.)	 (in. x 106)	 (rad x 106)
End Seal	 1	 0.001.5	 0.0005	 225	 0.001	 0.000983	 12.45	 7.25
2	 0.0005 0.0003	 205	 0.001	 0.000934	 32.9	 54.8
Combined	 245	 0.000918
Interstage
Seal	 1	 0.0015 0.0005	 7.0	 0.001	 0.000957	 28.5	 24.0
2.	 0.0005 0.0003	 3.0	 0.001	 0.000921	 43.8	 58.0r
Combined
	
10.0	 0.000878
e. Thermal Analysis
Ambient temperatures and the temperatures of 27 points in the seal assembly were calculated
for the steady-state cruise condition. The results of these calculations are shown in Figure 55'
As a result of the axial temperature gradient in the shoe, the bowing of the shoe was conserva-
tively estimated to be 0.035 mil.
1267 12621269
	 1252
y	
12801,200	 1273
	
l 2751 	 12001260
—
1266	 12681283I	 1271260
126711264	 12521266	 _T2_65 
1.2421252	 1249 1238
1200	 F4 ---
1251	 12501250 1224
1201
Figure 55	 Temperature Distribution (°F) in the Flexure-Mounted Shoe Seal
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f. Stress and Deflection Analysis
Because of the pressure difference of 80 psi which acts on the shoes, the tabs are at 12.3 ksi
tension. In addition, the tabs are stretched radially inward by about 0.5 mil. Also, due to
pressure effects, the tab-support member moves radially inward by a maximum of 7.3 mils.
The total inward motion (7.8 mils) causes the initial shoe-to-shoe clearance of 4 mils per side
to be reduced by 1.03 mils.
The clearance is also reduced by the thermal expansion of the shoe relative to adjacent metal.
To be quite conservative, it is assumed that the shoe is 80 degrees Fahrenheit hotter, Then,,
because of both radial. and circumferential expansion, the reduction in clearance is 1.21 mils.
Thus, the final shoe-to-shoe clearance is approximately 1,8 mils.
Based on the above results, it was concluded that the preliminary design concept was accept-
able from the standpoint of stress and deflection.
tit
t
!;	 a
{
t
f r
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VI. DETAILED ANALYSIS OF THE
COMPP.18SO END SEAL .AND STATOR
INTERSTAGE SEAL
A. INTRODUCTION
Under Task 1, the contractor screened many concepts for compressor end seals and stator
interstage seals. From that screening study (discussed in Section IV of this report) seven
concepts were selected for the feasibility studies discussed in Section V of'tWs report. Basedr	
on the feasibility studies, four seal concepts were selected for detailed analysis, final design,
fabrication,, and testing under Task II of the contract. This section of the report discusses
the detailed analysis and final design of the four seal concepts.
The final design and analysis of the four compressor seal concepts selected for Task II
evaluation included all calculations, material determinations, analyses, and drawings
necessary for seal optimization, procurement, and experimental evaluation. The one-side
floated shoe end seal, one-side floated-shoe interstage seal, OC diaphragm end seal, and the
semirigid interstage seal were thoroughly reviewed in order to achieve the following objectives:
0	 Define the most effective approaches to light-weight seal design so that realistic
estimates of engine weight penalties would be available.
0 Ensure a minimum engine starting torque.
•	 Determine the tolerances required for all critical dimensions, considering the
full spectrum of operating conditions.
Because Task I studies of the above items were preliminary and could lead to inaccurate
judgments of the merits of the designs, the single design point calculations of the feasibility
analyses were expanded to more complete studies of the variables. The seal configurations
were adjusted as required to meet the design objectives.
A test rig was designed and fabricated to evaluate the four selected seal designs under
simulated compressor operating conditions. The test rig simulated the last stages of a full-
scale compressor, including supporting members and bearing system, in order to duplicate
structural flexibility and thermal gradients. The rig is more fully described in Part 11 of this
report.
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B.	 ANALYSIS OF THE ONE-SIDE FLOATED SHOE SEALS
i
The one-side floated-shoe seal was a face seal consisting of a ring of segments acting against
a rotating surface attached to the compressor rotor. The rotating surface was flat, and the
leakage flowed radially
	  inward through the seal. The primary seal was between the nonrotat- ^
ing ring of shoes and the rotating face. The secondary seals were between the shoes and the
carrier ring, and between the carrier ring and the mounting ring. A drawing of the one-side
floated-shoe end seal is shown in Figure 56, and a drawing of the one-side floated-shoe
interstage seal is shown in Figure 57. Because the end and interstage versions of the one-
side floated-shoe seals are so similar, the final analysis and design of the two seals is pre-
sented together in the following paragraphs. Significant differences between the two seals
are noted in the discussion.
iCARRIER
EXPLODED VIEW OF ROTATING PARTS
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Figure 56	 Schematic of the One-Side Floated-Shoe End Sear,
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Figure 57	 Schematic of the One-Side Floated-Shoe Interstage Seal
t
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Most of the weight of the one-side floated-shoe seals was concentrated in three parts: the
carrier, the shoes, and the rotating runner`. The shoe design weight was controlled by force
balancing and thermal considerations. It was kept low to ensure good tracking characteristics.
Carrier and runner design weights, however, were governed primarily by stress and deflection
limits. Attention was also given to the carrier and runner temperature distributions in order
to avoid severe angular distortions from axial thermal gradients.
The one-side floated-shoe seal design concepts examined in the seal feasibility analysis have
been retained in the final design analysis with some minor modifications. A study of seal
tolerances and clearances showed that the -concentricity between primary seal diameter and
support secondary seal diameter was critical.- A lack of concentricity of the carrier with re-
spect to the carrier support will result in a-local change in force balancing areas on the
carrier. A 0.005-inch radial displacement of the carrier creates a tipping force or moment on tq
the carrier, which is resisted by the carrier-shoe spring. The result is a carrier-shoe spring
deflection_ which varies by approximately ± 0.030 inches around the circumference at sea
	
r	 =^
level take-off conditions. Further allowances for acceleration loading and carrier travel re- 	 h
	
_	 quirements placed the total demand for shoe-to-carrier displacement at approximately
0.040 inch from the nominal position. When the shoe-to-carrier seal ring is axially fixed
with respect to the carrier, and the shoe-to-carrier displacement exceeds ± 0.020 inch,
serious deviations of the secondary seal film thickness occur (Reference 13).
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In order to accommodate 0.080 inches of travel of the shoe on the carrier, the shoe-to-
carrier piston ring was fixed with respect to the shoe. This change was facilitated by in-
verting the shoe so that the shoe-to-carrier secondary seal surface was transferred from the
inner surface of the shoe assembly to the outer surface. Inverting the shoe eliminated the
need for an undercut at the inner edge of the rotor surface, resulting in a reduction in rotor
weight.
1. PRIMARY SEAL DESIGN
The shrouded Rayleigh pad geometry chosen as the primary seal configuration in the
feasibility analysis was modified for the final seal design. Wben the pads were placed on the
shoe segments in groups of three, the circumferential length of each pad group was found to
be slightly less than the length of a shoe segment. The resulting decrease in load capacity
per unit length of circumference altered the seal force balance. The problem was overcome
by doubling the width of each recess feed groove. The final primary seal configuration for
the end and interstage seal designs is shown in Figure 58,
TRIPLE PAD GEOMETRY FOR AN END SEAL PAD
1/8 IN	 1-4 *-11/2 IN
-	
1/12	 7/24	 1/2 IN
	
IN	 IN
5/16 IN.
3 9/16 IN -
,y
t
TRIPLE PAD GEOMETRY FOR AN INrERST•4UI: SEAL PAD
l-'24 IN
1/2 IN
3/8 IN.-O"
4
1/8 IN 	 I----i l 1/12 IN.
1/2 IN
-- 3 3/4 IN	 --	 -
Figure 58
	
	 Final Shoe Configuration for the One-Side Floated-Shoe End and Interstage
Seals
f.
r
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2.	 SHOE GEOMETRY
A digital ocmputer was programmed to solve the moment and balance equations for the
primary shoes. Figure 59 shows diagrammatically the forces acting on the end-seal shoe
and lists the equations used for balancing. Figure 60 gives the same information for the
interstage seal shoe. Figure 61 is a listing of the computer program used in solving the
equations. Because of a slight gas-force imbalance on the carrier, the spring pressure on
the shoe was a function of pressure and varied accordingly. The tabulated results of the
balancing analyses (Figures 59 and 60) give different values for cruise and take-off. The
difference is due to different values of dimensionless load capacity (W) and center of pies-
sure (X) at these two conditions. Since the primary seal could be physically designed with
only one set of dimensions, deviations from the design-point film thickness or an unbal-
anced moment produced a small rotation of the shoe at other operating conditions. Varia-
tions in dimensions due to tolerances had the same effect.
The triple Rayleigh pad groups are positioned on the seal shoe segments so that the pressure
centroid is located at or near the circumferential midpoint of the segment. The length of
each three-pad group was 3 3/16 inches, while the segment lengths were 3 9/16 for the end
seal and-3 3/4 inches for the interstage seal. Seal pad positions are shown in Figure 58. Center
of pressure locations are listed in Table XXIX as values of the dimensionless ratio Yc which
is equal to the center of pressure distance from the trailing edge divided by total segment
length. Radial centroidal and leakage rate values are also shown in Table XXIX.
The operating film thickness and percentage of imbalance of both seals for the balanced
position are tabulated in Table XXX under various rig design conditions. The mean radius
variation due to thermal expansion is also included in the table (Reference 5 and 1,3).
°2 b47P ° x
_
FORCE BALANCE
a
u
F4
y
C6.
HORIZONTAL— FI = FS + F3_
.;a
VERTICAL	 — F2 = F5 + F4 — Fy 4
MOMENT BALANCE
FI C	 t F5 C 5+ F4 C4 = F2 CZ +	 Cs+ F,3 	 CVI	 FS	 FV
SHOE SEGMENT
_- C4—
FI RESULTS
h2P 0. 500	 Y - 0. 160 ^,
3 C V	 - bI = b2 =0.230	 Y = 0.100CI	 112 a
°
—.
FY c b4 = 0.130 ,.
FS
S PISTON RING	 - b, P - 80 PSI	 Fs =0.8737 LB/IN.	 F^ = 0.5242	 L8/IN.
WPRIMARY
	
= 0.8245
	 W_SEC = 0.790 CRUISE
X PRIMARY	 =	 0.435	 X SEC - 0.443IT I	 = 0, 5013 IN.	 h 3 = 0.0658 IN
	 b = 0.5168
	 IN.
CARRIER
Fz
Cz
	
AP = 150 PSI	 F5 =LB/IN.	 FV = 0,8228 LB/1N_13713
t °	 W_PRIMARY
	
0.80"	 WSEC	 0810 TAKE-OFF
X PRIMARY
	
= 0.436	 x.SEC =0.446 .
h l	 =0.4954 IN. , h 3	 = 0.0607	 IN.	 b =0.5271	 IN,
Figure 59	 Force and Moment Balance of One-Side Floated-Shoe End Seal'
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62 64• b t X
FS
FORCE BALANCE
F4
s HORIZONTAL - F 1 = F S + F3
-
VERTICAL	 - F2 = F5 + F4 _ FV
MOMENT BALANCE v
F	
r Fl Cl + F5 C 5
 + F4 C4 = F2 C2
 + FS CS + F3 C3 + FV	 VCt ^
SHOE SEGMENT RESULTS --
h l=0.515	 b	 =0.502	 X=0.160
bt
F3 cv CI	 62	 h2 = 0.500	 b1 ='0.230
	 Y = 0.112
C; h3= 0.062	 b2	 ,0.230FS
Nc^
1 0.130
4
 
P11 TOM RiNc	 b^ wPRIMARY = 0.84	 XPRIMARY = 0.425
WSECONDARY = 0.76 X SECOHDARY = 0.437
F Z FS = 0. 44 VIN 1
CARRIER
_	
b.
CZ	 FV = 0.26 N/IN I CRUISE.
FS = 0.60 #/1NE	 FV = 0.36 NAN }TAKE-OFF
Figure 60	 Force and Moment Balance of One-Side Floated-Shoe Interstage Seal
JCE	 P135	 02	 9	 ION	 6240	 NICOLICH,	 PAT	 01.51.20
CPTICN	 LINK i
PHASE SPIRAL.•
E XEC	 FCRIRAN
DISK OPERATING SYSTEM/360 FORTRAN 	 360N-FO-451 10 f•
WRITEl6910.1
10 FORPAT(56H COMPRESSOR SEAL 	 ONE SLOE FLOATED AND INVERTED SHOE
113X,17H** P. N"ICOLICH *s///)
11	 REAC(5912)	 ICASE,X,Y,C
12	 FCRPAT(11,F9.4,F1O.4,F10.4)
IF(ICASE)14,1415
15 REAC(5,•13)	 W8P,W81,W829W639XBP,XBIvXB2,XB3
-	
REAC(5,•13)B1,B2983984,H2oHS,HV,DP
13 FCRNAT(8E1C.3)
F=.583*DP+25. .
FS=F/82. b`
FV=FS*.6
WRITE ( 6s16)	 [CASE
16-FCRPATl10X,12H-----
	
9HCASE NO. - 12,12H .h*#*^-----.
WRITE(6917)WBP9WBI9WB2,WB3,XBP,XBI9XB2,XB3,FS,HS
17 FCRNAT ( 5H KBP=F7.4,8H	 W811=1`7.4 , 8H	 W82=F7.4,$1­1	 W83*F7.4,/
15F XBP=F7.4,8H	 ' X81 = 1`7.49,8H	 XB2=F-7.4,6H	 .	 XB3=F7.4,BH	 FS
2=F7.4 , 8H	 HS=F7.4/)
WRITE(6v18)
	
BIOB1,83,B49H29X9YtC9FV,HV91CASE
18 FGRMA7(5H
	
81 = F7.4,P.H	 82=F7.4,8H	 83=F7.4,8M	 84=F7.4./
-	 151-	 H2=F7.4,81i	 X=F7.4,8H	 Y-F7.498H	 C-F7.4,8H	 FV
2=F7.4,8H	 HV=F7.4,
3	 //12H O U T P U To 7X :99HCASE NO. n129/)
8= 82*WB2+8I*WB1+X-FV/OP
H1=h2*WBP+Y-FS/DP
R1--W8P*H2*H2*(1.-XBPI
_ R2=-Y*(H2+.5*Y)-.5*X+X
R3=-WB1*,81*(X+X81*B1) .•'a
R4=-WB2f;82 *(X+B! +B4+82-X82*B2)
`R5=8*(.5*B+X+6,1*82-0+84)
R6=FV*HV,/CP
"R7=FS*HS/CP
R=R1+R2+R3+R44R5+R6+R7+H1+H1/2.0
h3=R/H1
SF=I.3+H2+Y-H1
E=X+B1+B2+B4-0-83s(1-W83)
WRITE(6,19).B,H19H39DP,SH,E
19 FCRVAT'(5H	 B=F7.4,8H
	 H1=F7.4r8H	 H3sF7.498H	 DPsF7.3,
is)-	 Sh=F7.4,814
	 E=F7.4//1 {-.
GC TC 11
14 CALL EXIT 1'
ENC I
;Figure 61	 Fortran Computer Program for Shoe Balancing
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TABLE XXIX
PERFORMANCE DATA FOR THE TRIPLE-PALS CONFIGURATION
End Seal
mils A W AA 1 Xc Ye Q
-^
Altitude 0.5 36.475 0.98628 0.55070 0.50772 59.13379
Cruise 1 9.119 0.83097 0.56483 0.49680 40.38150
2 2.280 0.76714 0.57509 0.49076 32.59118
Sea-Level 0.5 25.886 0.88289 0.55615 0.50051 147.29512
Take-Ofd 1 6.471 0.81458 0.56385 0.49390 120.03197
2 1.618 0.77515 0.57132 0.49075 102.46895
Sea-Level 0.5 10.238 1.04603 0.55700 0.51156 3.92552
Idle 1 2.560 0.81345 0.57591 0.49640 2.-62100
2 0. 640_ 0.,:72314 Oa 58997 0.48847 2.09332
Interstage Se al ,J
h
b
"mils
^..:Ay_ W/AAp
1-X e Y:e
Altitude 0.5 10.219 1.26020 0.55108 0.51931 2.20106
Cruise 1 2.555 0.84955 0.57631 0.49849 1.24866
2 0.639 0.71216 0.59466 0.48727 0.93013
Sea-Level 0.5 4.533 0. 91744 0,56839 O. 50319 1.8529
Take--Off 1 1.133 0.76969 0.58311 0.49110 1.40676'
2 0.283 0.70123 0.59547 0.,48578 1.17329`
Sea-Level 0.5 6.940 2.35524 0.53449 0.53487
i
0.74234
Idle 1 1.735 1.13059 0.56226 0.51035 0.30687
- 2 0.434 0.75199 0.59232 0. 490T3 0. 17664
,q
I
x
' PAGE NO, 1 29 .,
iPRATT & WHITNEY AIRCRAFT
TABLE XXX
OPERATING CHARACTERISTICS OF THE ONE-SIDE
FLOATED-SHOE END AND INTERSTAGE SEALS
End	 Interstage
rf
Altitude Sea-Level
	
Sea-Level	 Altitude Sea-Level	 Sea-Level
Cruise	 Take-Off	 Idle	 Cruise	 Take-Off	 Idle
Operating Film	 1.03	 0.92	 0.74	 1.03	 0.725	 0.98
Thickness (mils)
Dimensionless Load	 0.826	 0.82	 0.886 -	 0.837	 0.824	 1.14
Capacity (W/AOp)
Mean Radius	 13.725	 13.669	 13.62	 14.42	 14.363 	 14.31
(inches)
3	 CARRIER GEOMETRY
Design studies of the seal carrier included -a final analysis of deflections, a study of vibra-
tion characteristics and spring rates, and a final heat transfer analysis, Analysis indicated
that the structural design of the carrier and springs would achieve a satisfactory combina-
tion of low weight and low resonant frequency.
Initially, two basic carrier designs were investigated. One configuration placed the carrier-
to-support piston ring in the seal support, as in conventional face seal practice. It was 4
*	 eliminated because the angular deflections far exceed the 0.001 radian limit which must be
placed on the secondary seal surfaces. The second configuration placed the piston ring
groove in the carrier. This configuration was chosen for further development because of its
relatively small deflections and because it is not sensitive to axial travel of the carrier.
Design development of the second configuration resulted in new carriers (Reference 5) shown
w.
in Figures 62 and 63. Figures 62 and 63 also show the deflection and slope of the carriers
{ when the shoe is at-its mean operating position on the carrier. Extreme shoe positions caused
minor changes in the pressure load, but under no conditions did the carrier slope exceed 0.001 _-
radian at the secondary seal locations. Deflections' caused by temperature gradients are shown
in Figure 64 (References 5 and 13). 
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The principles governing the dynamic response of the seal are discussed in Section V of this
volume. In the final design of the seal, it was determined that the masses of the shoes and
the carrier could be reduced (Reference 13) so that the seal's first resonant frequency would
occur at 2700 rpm, well below engine idle speed. In addition, it was determined that the
primary film stiffness could be increased at the design point, and that the wave spring and
coil spring stiffnesses could be decreased. Because of these changes the dynamic response
of the shoes to the rotor improved considerably.
The approach to damping used in the final. design implied that there would be a limited
amount of shoe contact with the rotor at 2700 rpm. The contractor took this approach
ti because any increase in friction between the carrier and carrier support can seriously over-
load or underload the wave spring when the axial position of the carrier on the support
changes by more than 0.001 inch. The approach was not considered; to be dangerous because
the rotor speed does not dwell at the resonant frequency for any appreciable length of
time. In designing for a specific engine, the windmilling speed of the engine during an in-
flight shutdown would have to be determined, so that the resonant speed could be adjusted
away from the windmilling speed.
A study of the vibration characteristics of the carrier-shoe-spring system evaluated several
alternatives in the choice of carrier mass and spring stiffness. Figures 65 through 67 show
the variation of shoe amplitude and carrier amplitude with rotor speed for three combina-
tions of mass and stiffness. Figure 68 shows the effect of each mass-stiffness combination;
i	 on primary film thickness. The combination of a heavy carrier and stiff spring was that=
}	 selected in the feasibility analysis described in Section, V, and produced a resonance below
engine idle speed. The combination of a light carrier and a stiff spring produced a resonance
above the maximum engine speed, but would require extremely stiff springs if disturbances
to the primary film thickness in the engine operating range were to compare favorably with
those of the feasibility analysis. The combination of a light carrier and flexible spring re-
turned the resonance to a speed below engine idle, and narrowed the speed range over which
serious disturbances to the primary film occur. All curves describe the response of an un-
damped system. The light carrier and flexible spring combination was selected for the final
configuration (Reference 13).
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5.	 PISTON-RING GEOMETRY
The requirement that frictional drag on all secondary seal surfaces be minimized led to the
design of hydrostatically floated piston rings for the shoe-to-carrier and carrier-to-frame
applications. Design of the piston rings was further complicated by the necessity for thin
cross-sections and large diameters.
Figure 69 shows the forces acting on the carrier-to-frame piston ring. The radial forces
were balanced with the ring floating on a thin gas film which derives its load-carrying capacity
from a hydrostatic step seal configuration. The axial pressure forces were supported by
contact with the carrier. The ring was moment-balanced for proper seating of the ring in
the groove. When relative radial, movement occurs between the carrier and the frame, the
radial gas loads on the ring overcome the friction force between the ring and the carrier;, 3
providing a nearly constant air film thickness between the piston ring and the frame. Design
of the shoe-to-carrier ;piston ring was based on the same approach.
6.	 SPRING AND TORQUE PIN DESIGN
Two mechanical spring designs were used in the seal assembly. The first, a wave spring
having an axial stiffness of 44 lb/in/in of circumference (3750 pounds per inch total),
positioned the shoes with respect_ to the shoe carrier. In the assembled position s the load on !
the  spring was roughly 880 pounds. The second was a coil spring of relatively low stiffness:
24 of these were used to seat the carrier and shoes against the runner. Torque constraint of
the carrier was provided by four torque pins attached to the carrier support. i
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The wave spring(shown in Figure 56) was designed as a flat strip of metal trapped between
the shoe and the carrier. Tabs on the spring were fitted into notches in parts attached to the
carrier and shoe assembly. The notched parts served as load bearing points for the axial
spring forces and also served to transfer tangential drag forces from the shoes to the carrier
through the wave spring. For the end seal, the relationship between axial load, stress and
deflection' is shown in Figure 70 Load variations are due to tolerance bands on detail parts
and pressure differential variation. Interstage seal load variations are similar to those shown
in Figure 70; but not as large.
The 24 coil springs were spaced evenly around the circumference to provide the axial force
necessary to seat the carrier and shoes against the rotor without causing excessive friction
and wear during starting. These springs allowed 0.4 inch of travel of the carrier with respect
to the 'frame,in order to accommodate changes in rotor position during engine operation.
A low spring rate (36 pounds per inch total for 24 springs) was chosen to reduce the effect
of rotor position on seal operating characteristics. With both ends fixed, the lowest resonant'
frequency of the coil spring was 9380 cycles per minute, which was above the maximum
rotor speed. For this reason, fatigue failure of the coil spring was considered to be unlikely.
Figure 71 describes the operating characteristics of the spring at room temperature and at
temperatures corresponding to take-off and cruise conditions..
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As shown in Figure 56, four torque pins attached to the carrier support were used to provide
torque constraint on the carrier. Each torque pin was machined with two eccentric center-
dines so that rotation of the pin-about one centerline changed the position of the other center-
line with ;respect to the support. This device permitted the carrier position to be adjusted to
the high degree of concentricity with the support that was required when the carrier -to-
support piston ring was made part of the carrier assembly.
The carrier end of the torque pin was fitted with a sleeve which had parallel flat external
'	
ro	
surfaces. The sleeve fitted into radial slots in a flange on ti's:, carrier. The slots provided
freedom for the carrier to expand or contract with respect to the frame, in response to
thermal gradients and pressure loads.
7.	 CARRIER SUPPORT DESIGN
The carrier support is that part of the seal assembly which is attached directly to the engine
frame, and serves to integrate the carrier springs and torque pins and the secondary seal into
a single major subassembly. It was designed with the same critical distortion limits that
were applied to the carrier itself. The support was designed to have no distortions exceeding
0.001 radian, which was considered to be a reasonable limit for the hydrostatically floated
piston ring secondary seal.
The deflections induced by pressure loading were particularly difficult to control because
of a large variation in the axial position of the carrier, which varied the pressure loading on
the carrier support. A further complication was the requirement that the secondary sealing
surface of the carrier support be isolated from the slope and radial displacement at the point
of attachment to the engine frame. As shown in Figure 56 this requirement was met b
	^
Q	
^	 q	 y
placing the secondary sealing surface on the inside of a relatively thick cylinder (0.30 inch
thick) and joining that cylinder to a long thin cylinder (0.06 inch thick) through a flange
on the outer surface of the thick cylinder. The flange was located approximately at the mid-
point of the secondary seal axial travel. Figures 72 and 73 describe the radial deflections in-
duced by pressure on the carrier of the end seal, while Figures 74 and 75 show the same' x
deflections for the interstage seal.
The distortion problem was eased slightly because thermal distortion of the carrier support
produced a deflection in the same direction as the outer boundary of the secondary seal gas
film. Thus the thickness of the gas film was only affected by the difference in the slopes.
r.
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8,. RUNNER DESIGN
Design of the seal runner was governed by the same distortion limits which were applied to
the stationary seal parts. The distortions induced by pressure and centrifugal loading were
corrected separately, but the runner was designed so that the feature which reduces centri-
fugal distortion was also effective in controlling the elastic distortion due to thermal gradients. }
It was recognized in the conceptual design effort that the design and the testing of the seal
runner would be greatly facilitated by isolating the runner from the bladed compressor disks.
	
3
A thin cylinder joining the seal runner to the compressor rotor made the seal insensitive to
r
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to the seal runner configuration so that pressure loads would not cause the face of the seal
runner to deviate significantly from a flat surface. Design calculations showed that when the
thin cylinder was subjected to radial pressure loading, it would experience negative radial
deflections, which would be transmitted to the seal rotor as shear and moment loads. The
pressure-loaded regions of the runner were then positioned so that a moment was created U,
to balance the moment produced by the thin cylinder. Figure 76 describes the seal runner
deflections induced by pressure.
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To counteract centrifugally induced deflections of the seal runner, a second thin cylinder
(see Figure 77) was located on the side of the runner opposite to the first cylinder. Centri-
fugal loading on the thin cylinder joining the seal runner and the compressor causes the
cylinder to expand radially. Radial expansion of the cylinder applies shear and moment loads
to the seal runner. The second cylinder, opposite to the first, creates opposite shear and
moment loads to the seal runner, balancing the loads applied by the first cylinder. The second
cylinder was designed to be less than half as long as the first, but with approximately the same
thickness and radius. Figure 77 describes the centrifugally induced deflections of the rotor.
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9.	 THE101AL ANALYSIS
Analytical studies were conducted to define the thermal map for the one-side floated-shoe
end seal. These studies established the basis for the estimates of thermal distortion for each
of the seal components. The thermal map of the seal is shown in Figure 79.
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C.	 ANALYSIS OF THE OC DIAPHRAGM END SEAL
The OC diaphragm end seal shown in Figure 80 is a flexibly supported, flexible ring operat-
ing on the principle of the controlled seal gap. The gap control is achieved through the in-
corporation of gas-bearing profiles in the face of the primary ring.
The end and interstage seals were designed for operation at steady-state cruise, idle, and take- k
off conditions as simulated on a Pratt & Whitney Aircraft test rig. Air-film thickness is u
function of speed, air temperature, and air pressure. Thus, at standstill, the seal is in direct
contact with the runner and the film thickness is zero. The film thickness develops as the
engine reaches the design operating conditions: In order to secure safe starts and stops, the
seal ring and runner faces are hardcoated. The hard coats are selected on the basis of their
compatibility with substrate material during exposure to temperatures to 1400°F, mutual
rubbing compatibility, and resistance to wear.
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As shown in Figure 80 the primary seal surface is divided into two bearing lands, the two
lands being separated by a, recessed vent groove. The outer land, henceforth referred.to as
the upper pad, serves. the function of a bearing-seal combination. This pad is designed to
maintain a small air film thickness to control flow from the high to the low air-pressure areas,
providing at the sane time Gufficient stiffness for proper seal operation at dynamic condi-
tions. The upper pad consists of a hybrid combination of a spiral groove pattern and in-
herently compensated orifices. The spiral groove pattern provides hydrodynamic lift-off
capability at conditions when the compressor discharge pressure is low, as at idle, start-up,
and shutdown.The inherently compensated orifices enhance the required stiffness character-
istics during operation.
The inner land, (or the lower pad) serves as a bearing. This pad includes Rayleigh shrouded-
step recesses, the function of which is to strengthen the film-generating performance charac-
teristics of the seal. It provides, in combination with the upper pad, the high angular stiff-
ness which is a prerequisite to proper operation of a flexible seal ring and early liftoff cap-
abilities.
The high pressure areas, as shown in Figure 80, are located on the outside of the seal's outer
surface and within the 0-diaphragm spring. The low-pressure areas are on the seal's inner
surface and on the inner surface and right side of the carrier.
During operation, the upper pad is fed with high-pressure air through the air gap at its outer
edge and through the line of 360 orifices connecting the air-film gap to the high-pressuret	
region at the concave side of the upper diaphragm spring. The air passes through the seal gap
to tjle vent recess and proceeds through the gap between the springs to holes drilled in the
carrier. The holes vent directly to the low-pressure area.
The lower seal pad is fed through radial holes in the carrier and the 0-diaphragm air pocket
-formed by the lower diaphragm spring. Air enters the individual pads through 154 feed
holes 1/ 16  of an inch in diameter, and is distributed over the Rayleigh recess by means of a
1/ 16 wide and 0.030 inch deep groove located at the leading edge of the recess.
Secondary sealing between the carrier and the stationary support structure is accomplished
through the use of a piston ring (shown in Figure 80), which is hydrostatically floated to re-
duce friction. The radial forces on the ring are balanced with the ring floating on a thin ,gas
film which derives its load-carrying capacity from a hydrostatic step The axial forces are
supported by contact wih the carrier. The ring is moment-balanced for proper seating of the
ring ! in,-the carrier groove. When relative radial movement occurs between the carrier and the
frame,',the radial gas loads on the ring will overcome the friction force between the ring and
the carrier, providing a nearly constant air-film thickness between the piston ring and the
frame.
Y
1. SEAL CONSTRUCTION
The OC diaphragm end seal consists of a seal ring supported on O- and C-diaphragm springs.	
.4
The springs are welded on one side to the seal ring and on the other to the carrier.
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The carrier (see Figure 80) in turn is preloaded by means of 24 helical coil preload springs
which rest on riveted spring guides on the carrier and seal support. The carrier is centered and
held in place by four antirotational pins similar to the ones employed in the one-sided floated-
shoe design (Figure 56). The seal support separates the high-pressure from the low pressure 	 ++
chamber and provides the secondary sealing surface for the piston ring to ride on.
The 0- and C-diaphragm springs are of toroidal and semitoroidal cross section. these springs
are to be fabricated or formed from 0.006-inch stock and welded into separate subassemblies
with the use of spring supports for the 0- and C-spring sections, respectively. The subassem-
blies are then electron-beam welded onto the seal ring and carrier. To avoid prestressing and
distortion of the spring diaphragms, and to contain the diaphragm subassemblies prior to final
welding onto the seal ring and carrier, the spring assemblies are rabbeted onto the seal ring
with close-tolerance fits.
The seal face is hard coated chrome carbide. The major seal parts are made of Inconel X750.
2.	 STATIC PERFORMANCE AT CRUISE, IDLE, AND TAKE-OFF
a.	 Static Performance Curves
The seal performance curves for the double-pad OC diaphragm end seal with seal seat run-
outs and seal ring waviness effects neglected are shown in Figures 81 through 83. The ar-
bitrarily-arrived-at limits based upon the cruise static performance curves appear to apply
also to the take-off and idle conditions: in order not to fall below 70 percent of the design
film thickness, the tilt angle should be restricted to 0.0007 radians for positive and 0.0004
radians for negative tilt
Because of the flexibility of the OC diaphragm seal, the seal ring is relatively free to follow
conical runner distortion, as can be seen from the following comparison of the seal-ring and
air-film angular stiffnesses. If the effect of OC spring stiffness is neglected, the bending stiff-
ness of the ring can be calculated, assuming that the ring tilts as a solid body, from
K* = E12	 (Reference 12)
r
where
I	 _	 b
3
2	
= 0.211 (10-3 ) in'
E	 =	 23 x 106 psi
R	 ='	 13.5 in
Kr	=	 seal ring bending stiffness = 27.0 in4b/radial/inch circumference
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q	 gthan those required to overcome the seal ring's internal resistance to
bending. The seal ring also can be subjected to tilt in another way, through the application
of residual moments. These moments arise as result of changes in operating conditions, di
mensional seal variations due to manufacturing tolerances, and thermal deformation. The
I	 effects of the residual moments are discussed below. j=
1
{	 b. -	 Residual Moments Due to Change in Operating Conditions
:x
The residual moments resulting from changes in operating conditions are described in Section ,
V of this volume. Neglecting the seal ring's resistance to tilt, the seal ring will tilt until the
x
imposed residual moment is balanced by a restoring moment created by the tilt angle a. III
Hence, knowing the residual bending moments, the tilt angle can be directly determined from
	 - a
Figure 82. The tilt angles obtained are high in particular at take-off for the end stage seal. A 3g
significant reduction in tilt angle can be achieved through a slight increase of the gas-force
moment-arm between the lower pad and the centroid from 0.474 inch to 0.494 inch. The
resulting residual moments are shown in Table XXXI.
I
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TABLE XXXI
ADJUSTED RESIDUAL MOMENTS IN THE
OC DIAPHRAGM END SEAL
Residual Moments	 Tilt Angle
lb-in/in	 Milliradians
Cruise	 0.40	 0.2
f
Idle	 0.236	 0.38
Take-Off	 -0.70	 -0.32
The adjustment in the moment arm produces a residual moment on the seal at cruise and
slightly increases the residual moment at idle. The residual moments at take-off, however, =
- are reduced from -1.35 in-lb/in. to -0.70 in 4b/in. As a result of these changes, the tilt angles
all fall within the specified range of 0.0007 to -0.0004 radian.
C.	 Residual Moments Due to Manufacturing Tolerances
The most critical tolerances in terms of their contributions to the residual moment change r	 ..
are the tolerances of the diaphragm spring diameters (A, B, and C in Figure 84) and their
respective concert tricities. Based on these tolerances, the residual moment change for all =_
applicable operating conditions can be calculated as shown in the following sample calcula-
tion for the end seal at cruise.
(1)	 Sample Calculation for C-Diaphragm at Cruise
h
Op	 80 psi
Tolerance on diameter "C" is ± 0.004. inch, therefore, radial distance x l in Figure 84 can
vary by +0.002 inch.
Tolerance on eccentricity of diameter "C" with respect to diameter "Y" is ± 0.004 inch.
This permits an additional change in distance x 1 by * 0.002 inch,
Based on the above tolerances, the tolerance increase or decrease in x l is 0.004 inch.
The net gas-force change is thus
Y	 Fr	
= 
Op Axl = ±80 (0.004) _ ± 0.3201b/in.
The moment arm of the A 	 Ax , gas force is 0.175 ±`0.002 inch.1
f{
It should be noted that when the gas force decreases (Ax 1 is negative), the moment arm in-
creases by one half the magnitude of the decrease in Ax l .:
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DI A. C +-0.004
0.250 ± 0.002
X
3
—X4
X3 c 0.494
DIA. g
DIA. A `+ 0.004
DI A. D
Figure 84	 Critical Tolerances in the OC Diaphragm End Seal 	 r
In the case of cruise and idle conditions we are only interested in the positive residual mo-
ments developed, inasmuch as the residual moments at cruise and idle are positive, and the
positive moments due to tolerance changes will be directly additive to yield the worst pos-
sible case. At take-off where the residual moments due to change in operating conditions are
negative, the problem is not so severe. The total moment change at cruise is thus
M	 F x	 +0.320 (0.175 + 0.002) = 0.056 in4b/in
C	 r 	 2
(2) Sample Calculation for O-Diaphragm at Cruise
Tolerance on Diameter A in Figure 84 is ± 0.004 inch and moment arm x 3 due to'this toler
ance will vary by ± 0.002 inch.
Tolerance on dimension x4 over which Op02saffect gas force Fr2{
since Fr2	 OpOx4 . This tolerance also e	 3ffects x by 0.001 inch, y
A,To obtain a positive residual moment at cruise	 ' .
F
Fr2 - ApOx4
,80 (0.002)	 0.16 lb/in.
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the moment arm x3, adding 0.002 inches of possible eccentricity effect is
x3	 0.494 + 0.002 +0.001 + 0.002
0.499 inch
The net moment at cruise due to "O" diaphragm tolerance is thus
`	 Mo = Fr2 x3	= 0.16 (0.499) = 0.08 in-lb/in
and the total moment on the seal due to the combined tolerance effect Mo 	 = Mo + MCC
0.14. o
The residual_ moment values calculated for all specified conditions are given below:
Cruise	 0.14
Idle	 0.02
Take-Off	 -0.25
d.	 Combined Residual Moments
The residual moments due to change in operating conditions, as well as the moments due to
drawing tolerances can now be added to yield the worst possible residual moment combina-
tions. The combined residual moments are listed in Table XXXII.
TABLE XXXII
COMBINED RESIDUAL MOMENTS FOR THE OC DIAPHRAGM END SEAL'
Combined
Residual Moments
	
Tilt Angle
(in-lb/in)	 (milliradians) o`	 4
Cruise	 0.564	 0.32
Idle	 0.263	 0.40
Take-Off	 —1.01	 --0.40
zs
e.	 Effect of Residual Bending Moments on Film Thickness
y.	 The effect of residual bending moments on film thickness during operation can be found us-
ing the data obtained from Table XXXII to find the minimum film thickness from the static
performance characteristics shown in Figure 81. The values of minimum film thickness (h.);
and mean film thickness hM	 (m )are .given in Tab
.
 le XXXIIL These values will be later used to
adjust the results of the tracking analysis to account for the residual moment effects. Note
that the values given here are conservative, inasmuch as the internal seal ring resistance to
tilt is assumed to be zero.
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TABLE XXXIII
MI AN AND':1" ` INI UM FlUMI T}-11UNESSi. S RESULTING FROM RESIDUAL:
J?O,'0ENTS IN THE OC.: DIAl HRAGM END SEAL
Minimum Film	 Mean Film
Thickness	 Thickness	 Tilt Angle
Gn X 10')	 (in X 110')
	
(rad x 101)
Cruise
	 0.84	 1.386	 0.32'
Idle	 0.68
	 0.94"	 0.40 }
'fake-Off	 0.55	 0.81	
—0.4 U
.fi
r
__.
f.	 Effect of Seal Icing Tilt on Seal Leakage r
Having established the maximum residual moments expected during operation and the
?
resulting tilt angles (See Table XXXIII), the effect of the seal ring angular tilt on leakage can
now be determined_ from Figure 83. E
The net results are shown in Table X`CXIV, where values of parallel film thickness leakage r
rates are compared to tilted:-seal ring leakage rates. The results indicate only slight increases
in leakage at cruise and idle. The only appreciable increase in leakage (about 25 percent)
occurs at the take-off condition. Considering the fact that the calculated tilt angles rep-
resent conservaltive estimates of the expected maximum, the increase in leakage shown at
this condition represents also a highly conservative estimate.
TABLE XXXIV
ik
TILTED- AND PARALLEL-FILM 119AXIMUM SEAL LEAKAGE'
IN THE OC DIAPHRAGM CND SEAL
l'aralle Fi1nn
	 Tilted Film
	 Tilt Angle a-
-_
- z
Cruise
	 0.1 '13 	 0.11	 0.00032
Idle	 0.024	 0.022
	 0.00040
'A
Take-Oft	 0.390	 0.420	
—0.00040
g.	 OC Diaphragm Seal Dynamic Performance ;m
(1)	 Flexible Seal Ring Dynamic's Response i
In evaluating seal tracking performance, the seal is subjected to three runner input modes. ?	 f
In the n = 0 mode, no axial runner input deflection exists but the seal ring (or the runner)
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is tilted by an angle rs , the seal tilt angle being uniform all around the circumference. This
condition is representative of the state in which the seal or runner is initially coned or is sub-
jected to thermal tilt or coning. The gas film characteristics required for the input, such as
Ka a , Ks a , Ka s, and Ks . have been calculated based on a seal tilt angle of 0.0004 radian.
In the n = 1 mode the runner exhibits an 0.003-inch full indicator runout resulting in a
0.0015-inch wobble once per revolution.
In the n = 2 mode, the runner is distorted in a saddle shape, exhibiting two high and two
low spots symetrically spaced, the maximum deformation being 0.001 inch from planar.
At this condition, the runner deformation occurs at a frequency equal to twice the runner
frequency of rotation.
The n 0, n = 1 and n = 2 modes of distortion are graphically shown in Figure 85. The
tracking results based upon the seal distortions discussed above are given in Table XXXV. In
this table, n, to , hm '5 n , and en are inputs into the computer program. The minimum film
thickness for each mode of distortion was calculated from the following relationships.
an	 CAI En + CA2 6 	 u 	 Cul en + Cu2 sn
On	 Cil1 ^n + CB2 'n	 v 	 Cv1 n + Cv2 71n
A	
where en is the seal to rotor angle as shown in Figure 85, 5 n	 5/b (5 being the axial
rotor displacement shown in Figure 85, and b the radial width of the seal face). The "C's"
are influence coefficients calculated through the use of a computer program. These are
listed in Table XXXVI for all operating conditions.
The minimum film thickness was calculated using the following relationships (Reference 3):•
h	 —h—	 E a —0 	 +u +v Imin	 m	 2	 n	 n	 n	 n	 n	 n
The results indicate that at most conditions, with the given. input distortions, the seal would
still operate at reasonably safe minimum film thicknesses even if all distortions were to fall
in phase in such a manner that the film thickness loss (h — h ) resulting from each mode
of distortion would be directly additive, yielding the ombine d^hmi n shown in Table XXXV.
(2) Natural Frequencies
The OC diaphragm seal system yields four natural frequencies. Two of these, resulting from
the seal-ring vibration analysis, are (Reference 3):
V n1	
1 P1 + 1 (P12 —4f1 2 f22 P2 )3/z
IT	 2
VP,
 -	
1 P1	 1 (P 2'' — 4f 2 f2 2 p 2 )^^	 s
	
2	 2	 1	 1 	 2
t	
}Y.
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Figure 85 Modes of Seal and Runner Distortion Used in Tracking Analysis
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TABLE XXXV F,
RESULTS OF TRACKING ANALYSIS OF OC DIAPHRAGM END SEAL
I;w
Mode T Combined I
Angular Mean Film Centroid Minimum Minimum Film
Mode Deflection Thickness Deflection Angular Film Thickness Thickness a
Number ^n hm S Deflection hmin hTmin
I' n (radian) (inches) (inches) En (inches) (inches)
Cruise i
0 0.0004 0.001 0.0 0.0 0.000995
D 1 0.001 -0.0015 0.00011 0.000872 0.000840
M 2 0.001 -0.0005 0.000037 0.000973
0
cnJ
Idle
0 0.0004 0.00085 0.0 0.0 0.00085
11 0.00085 -0.0015 0.00011 0.00068 0.000630
-
I' 2 0.00085 -0.0005 0.000037 0.00080
i
Takeoff
e =	^
0 0.0004 0.00085 0.0 0.0 0.000845 1
1 0.00085 -0.0015 0.00011 0.000764 0.000740
2 0.00085 -0.0005 0.000037 0.000831
IR
*h h_ Z (h
_ h
	
)
Tmin m	 m`n
min O
4
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TABLE XXXVI`::
a
INFLUENC1 COEFFICIENTS FOR THE OC D1AP1	 1-;ND SF-A1,
T
Mode
Num ber Cruise Idle Takeoff
0 0.920 0.9411 0.935
C, 1 0.9043 0.9%37 0.9130
2 0.8580 0.8752 0.8696 r
0 0.0983 0.0603	 - 0.0625
Lae 1 0.0839 0.0549 0.0-534
2 0.0431 0.0397 040271
0 0.0141 0.01	 1 0.0136
n 1 0.0320 0.0313 0.0320
2 0.0818 0.0822 0.0832
0 0.0000 0.0000 0.0000
c 0.0031 0.0030 0.0031
2 0-0-114 0.0113 0.0115
0 0.0111 0.0055 0.0104 v
ul l 0.0133 0.0066 0.0131
0.0196 0.0098 0.0206
0 0.9576 0.9171 0.9715C2 1 0.9625 0.9196 0.97450.9769 0.9267 0.9834
0 -0.0020 -0,0012 ,--0.0022
Cv 1 -0.0043 -0.0024 0.00502 -0.0109 --0.0057, 0.0129
0 0.0000 0.0000 0.0000
c 1 -0.0004 --0.0002 0.0005v2 2
-0.0015 --0.0006 0.0017
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The calculated values of v nl and vn2 fall far beyond the operating speed range, imposing
no problems directly related to the desgin. The other two natural frequencies v l and v2,
result from the behavior of the entire system in terms of rigid body vibrations, and can be
closely approximated using the following relationships (Reference 3)
K	 'i2
P 31 m
K 
-1 '/22
V
	
2	 1711
where
K3 -	 gas film stiffness (lb/in)
K2 =	 spring diaphragm stiffness (lb/in)
m2
	seal ring mass (lb-sec' /in)
ml
	carrier mass (ib-sec2 /in)
The first critical frequency (vl ) is far beyond the operating speed range and thus also irn-
poses no particular problem on the design_. v however, depends upon the selected OC
'	 2	 -	 ,1
spring geometry and carrier mass. Consequently, the ratio of K2 /ml , due to practical de-
sign limitations, had to be carefully selected so that the resulting critical frequency (v2
Y	
fell above the operating speed of 7200 rpm.
The final values of natural frequencies for all operating point-. under consideration are listed
in Table XXXVII.
Examining the values of the lowest natural frequency (v2 ) and compaeng these to the ap-
proximate operating frequencies (v o ) at each condition, the conclusion may Le drawn that
the lowest natural frequencies of the system fall safely above the operating frequencies.
(3) Carrier and Seal Ring Rigid Body Response
The dynamic rigid-body responses of the carrier and seal ring have been-calcul'atetl and ex-
pressed as coefficients of the runner vibration. The carrier coefficient indicates that the car-
rier motion will be greatest at cruise, and approximately equal to 1.57 times the r.',nner dis-
placement. Because of the damping action of the torque pins, a good percentage of the in-
dicated gain will probably be damped out. The seal diaphragm follows the motion of the
runner almost perfectly, as indicated by the fact that the diaphragm coefficients are all
nearly equal to 1. The response coefficients of the carrier and seal ring are shown in Table
XXXVIII.
w
x,
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TABLE XXXVII
NATURAL FREQUENCIES OF THE OC DIAPHRAGM END SEAL
Mode
Number	 V  I	 V  2	 VI	 v2
(rad/sec)	 (rad/sec)
	 (rad/sec)	 (rad/sec)
0	 46,789	 11,337
	
13,123	 13273
Cruise	 1	 47,069	 111370	 13,123	 1,273
2	 47,899	 11,466	 13,123	 1,273
0	 46,728	 8,220	 7,983	 1,240
Idle	 1	 47,145	 8,223	 7,983	 1,240
2	 48,372	 8,232	 7,983	 1,240
0	 54,152	 13,746	 16,319	 1,280
Takeoff	 1	 54,465	 13,792	 16,319	 1,280
2	 55,393	 13,925	 16,319	 1,280
TABLE XXXVIII
CARRIER AND SEAL RING RIGID-BODY RESPONSE COEFFICIENTS	 -
Carrier Response	 Seal-Ring Response
Cruise	 1.57	 1`.02
Idle	 1.12	 1.01
Takeoff	 1.42 	 1.01
k h. Combined Static and Dynamic Seal Performance
The results of the tracking analysis discussed above show that the gas film possesses suffi-
cient restoring moment capabilities to counteract initial seal ring deformation within reason-
able limits of seal ring tilt angle when the deformations are not produced by residual moments.
When residual moments are present, the seal ring (neglecting its internal resistance to tilt)
will tilt to the point where a restoring moment of equal and opposite magnitude is developed
by the gas' film.
To take into account the residual moment contribution to the minimum film thickness dur-
ing operation, the difference between. parallel film thickness h (listed in Table XXV) for all
running conditions, and minimum film thickness hRmin (listed in, Table XXXIII) resulting
from the residual bending moment, is subtracted from the minimum film thickness hTmin
(listed in Table XXXV) obtained in the tracking analysis, or
h'rmin	 (hm h Rmin )	hFmm
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where h Fmin is the final combined minimum film thickness. This approach is conservative,
since it assumes that all deformations act in phase and are thus directly additive. It also
assumes no internal resistance of the ring and a worst-tolerance stackup. The values calcu-
lated using this procedure are shown in Table XXXIX.
4
The addition of the residual-moment-effects obviously lowers the operational film. thickness.
The final values, with the exception of one condition, indicate less than 50-percent film loss
for the worst cases considered. OC diaphragm end seal performance should thus be satis-
factory over almost the entire range of conditions.
TABLE XXXIX
FINAL MINIMUM FILM THICKNESS OF THE OC DIAPHRAGM
END SEAL DURING OPERATION
	
hm	 hRm in 	h Tmin...	hFmin
Conditions	 (in x 103)	 (in x 103 )	 (in x 10 3 )	 (in X 103)
Cruise	 1.00	 0.84	 0.84	 0.68
Idle	 0.85	 0.68	 0.63	 0.46
d	 Takeoff	 0.85	 0.55	 0.74	 0.44
,y
3 THERMAL ANALYSIS
The temperatures and thermal distortions in the OC diaphragm end seal were calculated by
assuming ambient temperatures on both sides of the seal, calculating the amount of heat
generated within the seal, determining heat-transfer coefficients for a nodal network within
the seal, and combining this information in an iterative calculation. The procedure is de-
scribed in detail in Appendix C of Reference 3.. The end seal temperature distribution yielded
reasonably low temperature gradients within the seal. Although the thermal gradients will
produce a seal-face deformation with a slope of -0.0027 in/in, this should be entirely offset
by counteracting pressure forces. A thermal map showing the temperature distribution of
the seal's cross section and the immediate surrounding areas was computed for the cruise
condition and is shown in Figure 86.
_	 t
^j44 ORIFICE PRESSURE DROP CALCULATIONS
The analysis of the OC diaphragm end seal assumed that no pressure drop occurs at the low-
er pad orifices which admit pressurized air to the Rayleigh shrouded pads and that no pres-
sure drop occurs at the vent holes incorporated in the seal ring and carrier. To ensure that
` 	 these pressure drops are minimized in the actual design, the number of orifices and orifice
diameters must be kept as large as physically possible within the design limits.
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a.	 Pressure Drop Through Rayleigh Pad Feed Holes
The maximum possible Rayleigh shrouded step feed orifice diameter is 0.062 inch. Since
there are 77 pads in the end seal, there are also 77 feed orifices present. The air flow through
the lower pad at cruise is 0.084 lb/sec.
G - 
m,\/RT	 (25)
P2 ^a2 Ca ng
where
G	 =	 dimensionless flow
P2	 —	 Supply pressure = 100 psia
R	 =	 gas constant = 2.47 (10 5 ) in2 /sect --OR 
T	 _	 supply temperature _ 1660°F
a	 =	 orifice radius = 0.01325 in
Cd	=	 coefficient of discharge _ 0.8
n	 _	 number of orifices = 77"
g	 gravitational constant _ 386 in/ SeC2
M
	 =	 flow = 0.084 lb/sec
Therefore, for the end seal cruise condition, G = 0.233.
r :-
:r	 P 2iFor G = 0.233, p
	
_ '0.92
2
therefore,	
P	
0.96
1
The pressure drop across the Rayleigh pad feed holes is thus only 4 percent of the supply,
r	 _,
pressure and should not appreciably affect seal performance. At take -off, the lower pad
flow is increased, but due to an increase in supply pressure and a decrease in temperature,
the pressure ratio across the orifice will remain essentially the same as at cruise.`
i
s
PAGE No. 163
i
1
t
'a
iPRATT & WHITNEY AIRCRAFT
b.	 Pressure Drop Through Vent Holes
The pressure drop through the vent holes was calculated in a similar manner. The following .
specific values apply:
P2	 20 psia	 n	 =	 154
a	 =	 0.0625 inch	 m	 =	 0.017 lb/sec
All other values are the same as those used in the Rayleigh pad feeder hole calculations.
Substituting in Equation 25, G = 0.123 and p2 /p l = 0.98, which is low enough to be
considered negligible. Again, at take-off, in spite of the increased flow, no appreciable in-
crease in pressure ratio is expected due to compensating temperature effects. Nevertheless,
in the final detailed layouts the vent hole sizes .should be increased to the maximum possible
size to avoid pressure buildups.
5.	 PRELOAD HELICAL COIL SPRINGS
To save on design and manufacturing expense, the helical coil springs used in the OC dia-
phragm can be exactly the same as those used in the one-side floated-shoe design. z
The spring specifications are as follows:
Wire size (inches) 	 0.035 + 0.008 dia
K
Coil outside diameter (inches)	 0.445 Reference
Spring rate at 70°F	 1.942 lb/in Reference
Solid height (inches)	 0.601 to 0.671
Free heights (inches) 	 1.870 Reference:*
Total number of coils	 18 Reference
First load	 0 lb, ,7 oz to 0 lb 9 oz at 1.612 inches length
Second load	 l lb 12 oz to 2 lb 0 oz at 0.904 inches length
End Condition	 -	 Close ends and grind square to within 2°
The spring rate variations according to the above specifications are plotted in Figure 87.
For the end seal, the nominal spring length is 1.130 inches. At this length the load can vary Y
between 1.54 and 1.32 pounds. For 24 springs, the total spring load variation is thus 37.0
to 31.7 pounds. Using a mean seal diameter of 27.050 inches, the variation in terms of
spring load per inch of circumference is 0.437'lb/in to 0.373 lb/in. , Similarly, at the mini-
mum working length (nominal length less 0.2 inches) the load variation in pounds per inch
of circumference is 0.55.3 to 0.482 lb/in, and at the maximum working length (nominal
length plus 0.2 inches) the load can vary between 0.333 and 0.277 lb/in. The over-all spring .
load variation (taking into account the change in the spring's working length because of dif-
ferential thermal expansion of test parts and spring tolerances) is 0.277 to 0.553 lb/in.
In the original seal balance calculations, a constant spring load of 0.5 lb/in. was assumed to r
be acting on the seal at all conditions.
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Figure 87	 Helical Coil Spring Rate
a.	 Effects of Spring Load Variation on Film Thickness and Residual Moments
To be conservative, let us assume that the entire spring load variation can occur at end idle
conditions (the worst conditions), where the over-all pressure loading is lowest. The change
from 0.5 lb/in assumed load to 0.553 lb/in maximum possible load will have negligible ef-
fects. Considering now the minimum possible spring load, the loss in seal face.loading is -
0.5 — 0.227 = 0.223 lb/in. The total load at the interstage seal is 20.0 lb/in, so the load -
loss of 0.223 lb/in represents a decrease of about 1 percent, which is still within the overall =
design accuracy and should not appreciably effect the operating seal clearance.
To determine residual moment effects, the simplified OC diaphragm seal model shown in L
Figure 88 was used.
Summing up the spring moments about the centroid'.
— 0.148 (-0.494) + 0.0743 (0.175) = 0.060 in-1b/in <, -
This moment is extremely low, and in any event will subtract from the original residual
moment in all cases (with_ exception of end seal take-off) thus actually"reducing the tilt
angle (a). Based upon the above calculations, it can be concluded that the effects of spring -
length and spring gradient variations on seal performance are negligible.
Y
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F S1
0.175
0.494
F S2	
FS1 = 1/3 (0.223) c 0.0743 LB/IN
F 52,= 2/3 (0.223) = 0.148 LB/IN
Figure 88	 Simplified, Diagram of the OC Diaphragm Seal
b. Minimum Spring Load Requirements to Overcome Friction
Let us assume conservatively that only the spring load acts on the seal in the axial direction
at cruise. The power loss generated by the OC diaphragm end seal at cruise is 6.3 horse-
power. At w = 757 rad/sec,
Torque (550) (6.3) (1.2) 	 55 in/lb(757)
The frictional force to be overcome by the spring is
Ff, = coefficient of friction x Torque
Radius
Assuming a coefficient of friction of 0.5 and a radius of 14.5 inches,
t"
Ff = 0.5 55	 2.0 pounds
14.5
The minimum available spring force from Figure 32 is 0.98 lb/in, so that for 24 springs
the total spring force is approximately 23.5 pounds, which is an order of magnitude higher
than the frictional force to be overcome. The helical coil springs as specified can thus be
used safely in the seal designs.;
t7 1
is
s	
L
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6. CARRIER BALANCE
The force and moment diagram for the OC diaphragm carrier cross section is shown in
Figure 89. The carrier is 'designed so that the net resultant moment about the centroid of
the cross section is small and bending stiffness is high,-thus-minimizing carrier _rotation.
Furthermore, to make sure that the OC diaphragm springs remain slightly compressed dur-
ing"operation, the carrier is balanced to yield an additional 0.5 lb/in of pressure loading at
cruise. This load acts in the same direction as the spring load. The forces acting on the
carrier are:
FS Helical coil spring load 0.5 lb/in
FS i C-diaphragm spring reaction
F 2 O-diaphragm spring reaction
F2 C-diaphragm radial pressure load =-0.2;Op
F
3 0-diaphragm pressure load 0.250p
Fo Carrier axial pressure load = y l Ap
Fv Carrier radial pressure load 1.255Ap
Furthermore,
Fsl = 0.167 + 2. `09 (10-3) Op
F 2 = 0.333 + 4.18 (10'3) Op
-	 FS
Fy	 >a'
178	 1.27 3,
F s l	 --
0.256
	
F0
0.513
F	 0.385
2
0.156
Or	 F3 s2	 0.25	 0.302'
0.449	 0.806,
Figure 89	 Force and Moment Diagram for the OC Diaphragm Seal Carrier
f
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The left-hand terms of Fs1 and F2are the reactions to the helical coil spring load and the z
right-hand terms are reactions to the carrier imbalance of 0.5 lb/in at cruise.it ?
For balance, IF _ 0 r	 r-
F i +Fs2 +F3 —Fo
 _
F S=0
Substituting the given values in the above equation
0.167+2.09(10-3}Ap+0.333±4.18(10- 3),-p + 0.25Ap-y 1 Op-0.5=0
or	 0.256 Op - y l Op s 0 -
y i._ -	 = 0.256 inch
For EFy = 0, the only loads acting on the carrier are Fy and F2 . The internal ring reaction -
to these loads will assuming no ring distortion, pass through the centroid of the ring's
cross section, and thus is of little interest in the moment balance when moments are taken t
around the centroid. The centroid coordinates x* and y* for the given cross section are
calculated using the moment area method to be x* = 0.449 inch and y* = 0.302 inch.
Note that MX is not equal to 0 but equals M R , the residual carrier moment. Referring to
Figure 89,
M	 = 0.513 Ft-1.273 FS +0.178F	 —0.385F	 —0.156F —0.156E -0.449ER	 o	 3	 2y	 s2 t
- 0.0035Q .—	 p — 0.6027
Pressure differentials corresponding to the end seal design conditions can now be easily sub- ,,
stituted and carrier residual moments obtained. The moments are given in Table XL.
TABLE XL
BALANCE RESULTS FOR THE`OC DIAPHRAGM F.ND SEAL -
I =0`.165 in2 x
R = ` 13.0 in
6
Residual	 Modulus	 Angle of
Carrier Moment	 of Elasticity	 Carrier Rotation
DP	 MR	 E
(psi)
	
(in-lb/in)	 (Psi)	 (rad x 101)
Cruise
	 80	 -0.883	 24	 0.038 s
Idle	 13	
-0.648
	
30	 0.022
Take-Off	 150 `	
-1.128	 28	 0.041
 p PAGE N0..168.

D.	 ANALYSIS OF THE SEMIRIGID INTERSTAGE SEAL
ss
r.
The semirigid interstage seal (shown schematically in Figure 90) operates on the same
basic principle as the OC diaphragm end seal: leakage is controlled by controlling clearance.
For this reason, some sections of the Task 1I analysis performed for the OC diaphragm seal E=;
were also applicable to the semirigid seal, and are not repeated here. ^*
fi
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i
i
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t-•
PRIMARY SEAL MEAN
SEAL INCH,RADIUSHELICAL COIL ELEMENT
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SECONDARY SEAL 0000 
1
PISTON RING THERMAL BARRIER` ;
SPRING GUIDE 000000
HIGH PRESSURE AIR
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*jy
i }
CASE
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r
SEAL FACE
i
q
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Figure 90	 Semirigid Interstage Seal
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1.	 SEAL DESCRIPTION
Primary sealing in the semirigid interstage seal is accomplished at the primary face, which con-
sists of a single land. This land has a spiral-groove inherently compensated orifice profile,
r	 and acts as a bearing and seal combination. The angular stiffness of a single-land bearing is
very low. As a result, the seal ring must be rigid enough to absorb residual bearing moments
without appreciable deformation of the seal 'face. To accomplish this, substantial seal-ring
axial length is required. Moreover, the seal ring must also serve as a housing for the piston
ring required for secondary sealing; one of the seals is formed by contact between the side of
the piston ring and the seal ring. It should be noted that the combination of seal axial length
and piston-ring contact is conducive to the generation of high thermal gradients. Thermal
gradients in turn cause the sealsurface to deform, and through this deformation they may
seriously affect seal performance. In order to minimize the extent`of thermal gradients and
seal deformations;
 the following steps were taken;
•	 Duranickel 301 was selected as the seal material to provide high thermal con-
ductivity in combination with a compatible coefficient of thermal expansion, J
Commercially pure nickel was considered for the seal, but it appeared that this
material would lack structural strength and would have undesirable creep +r'i,
properties. Molybdenum .alloy ''TZM would have provided excellent thermal f
conductivity but with a substantially lower coefficient of expansion its use
would have required that the piston ring and mounting ring be made of TZM
also and the complete seal unit would be prohibitively expensive.
• The secondary seal piston ring was insulated through the inclusion of a thermal
barrier in the form of_a radial annular slot {see Figure 91).
t.
•	 The cross section of the primary seal element was designed to minimize thermal
distortion through the use of mass added to the inner -surface of the primary seal
element.! The added mass operates at temperatures slightly lower than the seal
ring temperature adjacent;
 to the seal face and reduces the thermal gradient across
the seal face.
•	 The seal's tracking performance characteristics indicated tolerance to some
degree of distortion. Thermal distortion produces a convergent flow path. There-
fore, the seal was designed so that if slight convergent distortion occurred, the
net result would bean increase in film thickness, reduction in heat generation at
the seal face, and an increase in leakage flow. Increased air flow carries more heat zz
away from the seal face, leaving less heat to be dissipated by the seal. These features 1
ensured lower thermal gradients and a modulated thermal distortion.
The seal ring was preloaded with 24 helical coil springs to ensure contact at start and to
s
permit the development of separating a:ir films at speeds under 30 ft/sec. Both the seal face
and runner were hardcoated with chrome carbide. This combination was selected with re-
gard to compatibility at high temperature and resistance to wear. The material is identical .
to the hardcoat used for the OC' diaphragm seal.` jt
^
,
f
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2. MODIFICATIONS OF THE CROSS SECTION
The semirigid seal cross-section is shown in Figure 91 in its final configuration. The changes
included further widening of the thermal barrier to reduce the axial temperature gradient of
the seal and redistributing the mass to keep the centroid at the original position. The posi-
tion of the centroid is important because it could affect the mechanically induced distortions.
0.175	 k
0.35
0.175
HEAT
DAM
RADIAL	 0.14
SLOT	 CIRCUMFERENTIALANNULUS
0.$
I	 `f	 Y*
0.25
I{
0.05 ir
xt	 0.18
	
0.364	 Y* = 0.402 3a
	
0.5 	 0.05	 X* ° 0.099
Figure 91	 Semirigid Interstage Seal, Final Configuration
3. THERMOELASTIC ANALYSIS OF SEMIRIGID INTERSTAGE SEAL
Thermally induced distortions on the semirigid interstage seal were formulated with a thermo-
elastic finite element computer program (see Reference 14 for details). Figure 92 shows the
results of the analysis and gives axial and radial displacement for certain selected points. The 	 !
rotation of the seal face is 0.00337 radians in the direction that creates a converging flow
passage with the runner. The numbers inside the cross-section indicate the subdivision as it
was used in the finite element computer deck. Table XLI lists the temperature for each element.
t
PAGE NO. 172	 1 -'
i
PWA-4059
SUBSYSTEMS
u = 0.00126 u = 0.0039 u = 0.00818
v=0.1562 v=0.1554	 4 v=0.1539 u=0.0109
v = 0.1527
10 11 17 u = 0.00336 u = 0.0060
	 3 5 13 14
v = 0.1537
	
v = 0.1528
u-0 9 12 4 5 12 13	 2 6 12 15 u=0.0103
v ^ 0.154 2
-
v - 0.1581
x 4 8 1'3 3 6 11 14	 1 7 11
u = -0.00034
v = 0.1531 3 7 14 2 _ 7 10
u = 0.00622 10v = 0.1510
U - -0.0009
v=0.1513 2 _6 1.5 1 8 9' 8 9
u = -0.0023
v = 0.1503 u = 0.0007	 v	 u = 0.046v = 0.14711 5
ZU
y = 0.1.484
u = -0.001685
_ 0,0005
v = 0.14885 v = 0.1459
	 u
Figure 92 Semirigid Interstage Seal Thermal Deflection
TABLE XLI
TEMPERATURE DISTRIBUTION IN THE SEMIRIGID INTERSTAGE SEAL
SUBSYSTEMS
I IL IL1	
_
Element Temperature	 Element Temperature Element TemperatureO F _ of of
1	 1311 1	 1316 1 1300
2	 1318 2	 1316 2 1301
3	 1320 3	 1315 3 1300
4	 1322 4	 1315 4 1300
5	 1311 5	 1313 5 1300
6	 1318 6	 1314 6 1301
7-	 1320 7	 1314 7	 - 1300
8	 1321 8	 1314 8 1290
9	 1319 9	 1312 9 1291
10	 1317 10	 1312 10 1293'
11	 1317 lit	 1311 11 1295
12	 1318 12	 1309 12 1300
13	 1319 13	 1305 13 1300
14	 1319 14	 1301 14 1300
15	 1317 15 1300
16	 1312
r	 17	 1316
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4. SEMIRIGID SEAL SUPPORT
The seal support is the structure that serves as the span between the seal ring and the rig
case. It functions as a surface on which the secondary seal piston ring rides, and is also an
attachment for the torque pins and coil springs.
It is imperative that this sealing surface remain parallel (less than 1 milliradian slope) with
the centerline. This is complicated by the fact that the pressure forces that act on the
structure are large and cause slopes as high as 20 milliradians in some sections of the struc-
ture. To keep this large angular distortion from being transmitted to the sealing surface, a
thin cylinder was placed in the structure to damp out the angular distortions and allow the
sealing surface to remain a true cylinderb
In Figure 93, a sketch of the structure is presented along with curves that describe how the
structure behaves when subjected to the pressure loads. It also shows the radial deflections
and slopes when the piston ring carrier assembly and runner are in the extended position
(no dashed arrows), and shows the deflections and slopes with these parts in the retracted
position (with dashed arrows).
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ABSENT FOR RETRACTED
POSITION
-	
,B
A
Z=_	 L
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Z-Z 2	 O H U 2
	
J^ a 0	 g	 l^Q Z U	 B
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-
 WVlZ
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F- 
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= LL - 10	 ti 0-4-10
1-O	 0	 1.0	 2.0	 OU	 0'	 1.0	 2.0	
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Figure 93	 Pressure-Induced Deflections in the Semirigid Interstage Seal with the Runner
In Retracted and Extended Positions'
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TABLE XLII
FOLDOUT FRAME
MATRIX CHART FOR SEAL
HSS-1	 HSS-2
Type of Primary Seal Hydrostatic-Step (Segmented) Hydrostatic-Step (Segmented) Hydros
Type of Secondary Seal Bellows or Piston Spring & Hydrostatic Bellow
`Type of Seal Ring Construction Face or Circumferential Face Solid R
LEAKAGE RATE a. Primary-. 0.004 lb/sec. 0.044 0.038b. Secondary 0.005 0.05 0.0
PRIMARY SEAL TRACKING 6 _ .084 (End, Face) S _ 0.084 (End) 6	 .02 (
h	 , 65	 (Inter, Face) hh	 0.65	 (Inter) h	 .16 (
SECONDARY SEAL FRICTION Poor Friction Very High Friction
AND :BALANCING but balani
a is diffic ,
for hello
_r
THERMAL DISTORTION' Can 'be controlled by Same as HSS-1' Thermal
segment length. is s eve r
can be c
sated by
i deformat
t
ELASTIC DISTORTION Can be controlled by Same as HSS-1 Twist of
segment thickness. section i;
severe,c
be contra
GAS FILM STABILITY Stable Stable Stable if
orifice is
properly
designed.
DIMENSIONAL STABILITY Low tolerance to wear Low tolerance to wear
SPRINC
r
r
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LIABLE XLII
FOLDOUT FRAME 2-
If T FOR SEAL CONCEPTS HSS-1, HSS-2, HS-1, HS-2, HS-3, AND HS-4
I
HS-1	 HS-2	 HS-3	 HS-4
ROTOR
Hydrostatic-Face- Hydrostatic-Self Locating Low-Unbalanced Face Hydrostatic-Pocket
Bellows Hydrostatic Bellows Bellows
Solid Ring Solid Ring, Face Rubbing ,Seal, Face Solid Ring-Face
0.038 0.038 Nearly Zero 0. 038
0.0 0.001 0.0
b _	 . 02 (End) S	 . 02 (End) Volume of Pockets S	 . 02 (End)
h	 . 16 (Inter) h	 . 16 (Inter) must be small h	 . 16 (Inter)
Friction Low, Friction Low, Same as HS-1
but balancing Balancing is
is difficult difficult.
for bellows.
Thermal coning Coning is severe Seal. Power Loss Coning is
is severe but is estimated at severe, cannot
can be compen- - 76 hp thermal be compensated.
sated by elastic distortion and
deformation. temperature rise
is excessive.
Twist of Small Twist of section
'	 section is is severe but
severe, can can be controlled.
be controlled.
Stable if Stable Strong likeli-
orifice is hood to hammer.
properly
designed.
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TABLE XLIII
FOLDOUT FRAME
MATRIX CHART FOR SEAL CONCEPTS
R^,BL,E XLIII
50LE)OU ° FRAME
T
L CONCEPTS HS-5, HS-6, HS-7, AND HS-8
HS-6 HS-7 HS-8	 a
J
000
r 000 
atic-Pocket Hydrostatic-Externally Press. Hydrostatic-Externally Press.
Piston Piston
'ng,	 Face Solid Rini; Solid Ring, Face
0.07 0.07
0.0 0.0
y
HS-5 Same as HS-5 Same as HS-5
HS-5 Piston friction is Same as HS-5
very high
Coning is severe Coning is severe
ontrolled Twist of seal ring Twist can be
can be controlled controlled
HS-5 Very strong likeli- Same as HS-7
hood to hammer
i
i
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MATRIX CHART FOR SEAL CONCEPTS HD-1, HD-2, HD-
HD- I HD-2 HD-3
LOAD
2 2	
_
CONCEPT SPRINGS
Type of Primary Seal Hydrostatic-Shoe Hydrodynamic-Shoe Hydrodynamic- Shoe
Type of Secondary Seal Bellows Dry Rub Dry Rub
Type of Seal Ring Construction Segmented, Face Segmented, Circum. Segmented, Face
LEAKAGE RATE C'• X-,. -diar y v. VL at. v. vvvD .. v. vL at v, vvv:) •• u. vc at u. uuu5,.b. Secondary 0. 005 at 0. 0003" 0. 005 at 0. 0003 1 0, 005 at 0. 0003"
PRIMARY SEAL TRACKING S _ .04 (End) S _	 . 12 (End) S _ .04 (End)
h
	 .32 (Inter) h	 1.10 (Inter) h -' . 32 (Inter)
SECONDARY SEAL, FRICTION Friction is low - Friction very Friction very
AND BALANCING balancing for high high
bellows is
sensitive
THERMAL DISTORTION Can be con- Same as HD-1 Same as HD-2
trolled by vary-
^ ing length of
segments
ELASTIC DISTORTION Severe but can Less severe Less severe
be controlled
GAS FILM STABILITY Stable- Stable Stable-
PWA-405 9
,E XZIV
HD-1, HD-2, HD-3, HD-4, SG-1, AND SG-2
HD-3 HD-4 SG-1 SG-2
SEAL BELLOWS
a
2 3F
rodynaznic-Shoe Hydrostatic-Hydrodynamic Spiral. Groove Spiral Groove
Rub Dry Rubbing Bellows Bellows
rn.ented, Face Segmented, Circum. Solid Ring, Face	 Solid Ring, Face
2 at 0: 0005 1 ' 0.01 at 0.0003 11 0.0 at 0. 0003 11 0.0
05 at 0, 0003'' 0.0
.04 (End) <S	 . 18 (End) S	 .06 (End) Is _	 . 06 (End)
^.32 (Inter) h - 1. 5 h	 0.5	 (Inter) h - 0. 5	 (Inter)
ction very Friction very Balancing Balancing
high difficult difficult	 a,
e as HD-2 Severe but can be
t
Thermal Very severe
i controlled coining is
very severe
S severe Small Less severe Severe
le Stable Stable Stable t.
a	 ::
1	 1
U
 
i
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TABLE XLV
FOLDOUT FRAME I
	
MATRIX CHART FOR SEAL CONCEPTS HS-L-1, HS-L
ITS- L-1
	 HS-L-2	 HS-L-3
A
0000
PLAT E A CONCEPT 0 000
B
Type of Primary ,Seals Hydrostatic-Labyrinth Hydrostatic-Labyrinth Hydrost. Pocket-
Type of Secondary Seals Bellows Piston Bellows
Type of Seal Ring Construction Solid Ring, Face Solid Ring, Face Solid Ring, ;Tace
a. Primary 0. 11 at 0. 001" 0. 11 at . 001" 0. 108 at 0. 001"LEAKAGE RATE b, Secondary 0.0 0.0 0.0	
t
PRIMARY SEAL TRACKING Tracking poor Response is poor With hydrostatic p
because of low because of low dynamic stiffness
dynamic stiffness dynamic stiffness adequate
SECONDARY SEAL FRICTION Balancing Friction is high Bellow balancing i
AND BALANCING difficult difficult
THERMAL DISTORTION _ Face coning is Thermal coning Thermal d4tortio
less severe is less severe can be significant
but cannot be
z compensated
ELASTIC DISTORTION Less severe Less ,severe Less severe
GAS FILM STABILITY Most likely un- Same as HS-L-1 Same as HS-L-1
stable but hammer-
ing amplitude might
be small
DIMENSIONAL STABILITY
k:
t
1j
r
ir ,,
I
ABLE XLV
SOIL®OUT FAME Z
^S HS-L-I, HS-L-2, HS-L-3, I3S-L-4, VL, AND F-1
HS-L-3 HS-L-4 VL F-1
J
CONTROL
FLOW
1
0 0000
00000
REVERSE
FLOW
VORTEX
rost. Pocket-Labyrinth' Hydrost. Pocket-Labyrinth Vortex Labyrinth - Centrifugal Activ. Foil
lows Piston Not shown
'd Ring, Face Solid Ring, Face- Circumferential Foil, Face
08 at 0. 001" 0. 126 at 0. 001 11 - 1.0 0. 038 at 0. 001"
0.0 0.0
h hydrostatic pads Response is poor Local film stiffness
amic stiffness is because of low is adequate'
quate dynamic stiffness
low balancing is Friction is high
icult
rmal distortion Same as HS-L-1 Not severe Coning of seal ring
be significant is severe but can be
t compensated by foil
s severe Less severe Not severe Foil has no rigidity
in radial direction.
Local deformation is
difficult to control
e as HS-L-1 Same as HS-L-1 Stable Foil might flutter
I
a
x
III
PAGE NO. 178
I	 a	
r
TABLE XLVI
MATRIX CHART FOR SEAL CONCEPTS F-2, F-3,
FOLDOUT FRAME /
F-2	 F-3	 D-1
it
E_
t23f
i
CONCEPT
Type of Primary Seal	 Foil-Hydrostatic	 Foil-Spiral Groove	 Hydrostatic-Porous Pads
Type of Secondary Seal
	 Hydrostatic	 Foil	 Diaphragm
Type of Seal Ring Construction	 Solid Ring, Face	 Circumferential	 Solid Ring, Circum.
LEAKAGE a. Primary 	 0.038 at 0.001"
	
0.02 at 0.0005"
	
0.019
b. Secondary	 0.005 at 0.0003 11	0.0	 0.0
PRIMARY SEAL TRACKING
	 Local file. stiff-	 Same as F-2	 b	 06 (End)
ness is adequate	 h	 . 5 (Inter)
SECONDARY SEAL FRICTION
	 Very low	 Friction is	 Friction is very
AND BALANCING
	 tolerable	 low but side
thrust is not
balanced
THERMAL DISTORTION
	 Coning is severe	 Severe but is	 Severe but it is
but can be com-	 compensated by	 compensated by
pensated	 elastic deforma-	 elastic deforma-
tion
	 tion
ELASTIC DISTORTION ;
	 Foil local de-	 Foil local de- 	 but con-
formation is	 formation is	 trollable
difficult to	 difficult to
control
	 control
GAS FILM STABILITY
	 Foil might flutter	 Foil might flutter
	
Stability can be
controlled by
pore size
i
^ ,... ....^.:x r-^+^..^__^...,—_..c#,-^-:_,_..r	 ..,--=.-...^ _. ^'T^.:__uil4a3^•:,.,-r^	 •:.. ...—•:v^s.x.".::
o^—^-i.:	
m^s^o^w.s..,^ ^.. ._. ,n.	 ^^.	 ._ _ - ^_ .^^ __	 _
S
D-2
FOLDOUT FRAaMF 2-
D-3A
Same as D-3
with Piston
Ring replacing
^NCEPTS F-2, F-3, D-1, D-2, D-3, and D-3A,
D-'l
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ABLE XLVI
..,,.^ %MOW, Diaphragm Ring
ii
L
tic-Porous Pads Hydrostatic Hydrostatic-Hydrodynamic Hydrostatic-Hydrodynamic
7 m Diaphragm Diaphragm	 i Piston
g, Circum. Segmented, Circum. Segmented, Circum. Segmented, Circum.
0.019 0. 044 at 0. 001 1" 0. 044 at 0. 001"
0.0 0.015 at 0. 0003" 0. 015 at 0. 0003"
(End) S	 .06 (End) S-	 _	 .25 (End)', Same as D-3
(Inter) h	 .5
	
(Inter) h	 2.1'	 (Inter')
is very Friction is	 _ Friction is low Friction is high
ide medium side balancing is good balancing is good
not pressure is
not balanced
ut it is Severe but it Can be controlled Can be controlled
ated by is compensated by length of by length of
form a- by elastic defor- segments segments
oration t
ut con- Severe con- Less severe	 - Less severe
trollable 4
can be Stable Stable Stable
ed by
e
l
r
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TABLE XL
MATRIX CHART FOR SEAL
D-4
4QT FRAMEI
CONCEPT
Type of Primary Seal Hydrostatic H
Type of Secondary Seal Piston-Diaphragm Di
Type of Seal Ring Construction Flexible-Ring, Face Fl
a.	 Primary 0. 038' at 0. 001 1 ' 0.LEAKAGE RATE b.	 Secondary 0. 005 at 0. 0003'' 0.
PRIMARY SEAL TRACKING S	 . 02 (End) Sa
h	 .16 (Inter)
SECONDARY SEAL FRICTION - Friction can be F.
AND BALANCING high.	 Balancing B
is good
THERMAL DISTORTION Severe but can be Sa
compensated
ELASTIC DISTORTION Severe but con- Sa
trollable
GAS FILM STABILITY
T
Stable
_ St
i
r
^ t
	-Cf
TABLE XLVII
FOLDOUT FRAME Z.
HART FOR SEAL CONCEPTS D-4, D-5 and D-6.
D-5	 D-6
Hydrostatic Hydrostatic
Diaphragm-Hydrostatic Diaphragm-Bellows
Flexible-Ring, Face Flexible-Ring, Face
0. 038 at 0. 001" 0.038
0. 01 at 0. 0005 11 0.0
a Same as D-4 Same as D-4
Friction is low Friction is low
Balancing inadequate Balancing is
difficult for
bellows
i Same as D-4 Same as D-4
Same as D -4 Same as D-,4
2
Stable Stable
t:
Y
1
r
3`
PAGE NO. 180
FOLDOUT f&
TABLE XLVIII
MATRIX CHART FOR SEAL CONCEPTS HS-9, HS-10, a
HS- 9	 HS
CONCEPT
II	 o
Type of Primary Seal Hydrostatic Hydrostatic
Type of Secondary Seal Fully Floating Hydrostatic Piston
Type of Seal Ring, Construction Segmented, Circumferential Flexible Ring,
LEAKAGE-.RATE a.	 Primary 0. 044 at 0.001'' 0.038 at 0. 001b.	 Secondary 0.03 at 0.0003" 0.001
PRIMARY SEAL TRACKING S 	 _	 06	 (End) S	 . 02 (End)
h	 .5	 (Inter)
_
h	 . 16 (Inter
SECONDARY SEAL FRICTION Friction is low Friction is hig
AND BALANCING Balancing is good
THERMAL DISTORTION Adequate for primary Coning is seve
seal tracking but but can be con
severe for secondary trolled
seal tracking
ELASTIC DISTORTION Less severe Not severe
GAS FILM STABILITY Stable Stable
—	 T_T
F
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TABLE XLIX I
FOLDOUT f RA M E 1
SECOND SCREENING
kt
TABLE XLIX
f-O DOUT FRAME 2
SCREENING FOR END AND INTERSTAGE SEAL CONCEPTS
- l	 HD-3	 D-1	 HS- 9
—_^	 D-4,, D-5	 I_
P2	 HS-10, HS-11
00 2	 +^000
O9000 I	 See Table VIII
and Table IX	 ^,I
tic-Shoe
	
Hydrodynamic-Shoe	 Hydrostatic-Porous Pads	 See Table IX	 Hydrostatic
Dry Rub	 Diaphragm	 and Table VIII 	 Fully Floating Hydrostatic
d, Face
	
Segmented, Face	 Solid Ring, Circum.
	 Segmented, Circum
Low	 Low	 Low	 Very Low
amic	 Same as HD- l 	 Low	 Medium
	 Medium
htly
tection
Very Low
	
	
Dirt may plug	 Low	 Low
up pores, very
low
Same as HD-1	 S	 S	 SEnd)	 h _ 03 (End)	 h c < 01 (End)	 h	 .03 (End)
Inter)	 .21 (Inter)	 .073(Inter)	 .21 (Inter)
Same as HD-1	 Transient	 Adequate	 Adequate
s	 tracking is
inadequate
j
i
I
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LIST OF SYMBOLS
Upper Case Symbols
A diameter to inner toroidal center of OC diaphragm seal (inches) 0
B diameter to outer toroidal center of OC diaphragm seal (inches)
B surface flatness (helium light bands)
C diameter to semitoroidal center of OC diaphragm seal (inches)
C radial clearance between rotor and seal ring (inches)
C labyrinth discharge coefficient (dimensionless)
CD orifice discharge coefficient (dimensionless)
Cd orifice discharge coefficient (dimensionless)
Cm radial clearance or manufactured (inches)
CA 1 CA2 influence coefficients associated with an
CB 1 CB 2 influence coefficients associated with on
CU 1 ' CU 2 influence coefficients associated with Un
CV1 CV2 influence coefficients associated with Wn
C 1 damping rate (lb-sec/in/in of circumference)
C1, C2 , C3 carrier, seal ring, and runner displacement respectively (inch)
C1 .... C 5 force moment arms (inch)
D diameter (inches)
E modulus of elasticity (lb/in2
F seal face load (lbs)
FM journal load (lbs)
FS sum of horizontal pressure forces on segment (lbs)
FS helical coil spring force (lb/in)
FV sum of vertical pressure forces or segment (lbs) {
FTC thrust collar load (lbs)
F
FS1 , FS2 C and O diaphragm spring reactions (lb/in)
Ff friction force (lbs)
Ff coefficient of friction (dimensionless)
Fo carrier axial pressure load (lb/in) a
.	 Fy carrier radial pressure load (lb/in)
Fr 1 net gas force change due to tolerance @ take-off (lbs)
Fr2 net gas force change due to tolerance @ cruise (lbs)
F 15 F25 F3 .... FX , FY force vectors (lb/in)
G modulus of rigidity (lb/in 2 ), shear modulus of elasticity (lb/in 2 ) w
G orifice flow (dimensionless) = i	 /,T a2
 pnC
I area moment of inertia (in'
J thermal conversion factor = 12 x 778 (in-lb/Btu)
K bellows spring rate (lb/in) s4.
KS static gas film stiffness (lb/in/in)
K axial gas film stiffness (lb/in/in)s
K^ axial gas film stiffness per unit area (lb/in/in') 4
K bending stiffness of seal ring = EI (in-lb/in-radian)r
R_
pp
PAGE NO.	 188
I
f
K* SS OC diaphragm stiffness (lb/in/in)
K 1 , K2 , K3 spring constants (lb/in)
K2 spring diaphragm stiffness (lb/in)
K3 gas film stiffness (lb/in)
,r	 L width of flow path (inches)
L air film shear = µ(U/h)
M applied moment to simulated vane (in-1b)
M, M 1 , M2 .... etc moment (in-lb/in)
MC residual moment due to "C" diaphragm tolerance (in-lbs/in)
Mo residual moment due to "O" diaphragm tolerance (in-lbs/in)
M combined residual moment due to tolerance = M o + Me (in-lb/in)0
M R carrier residual moment (in-lb/in)
Mres _residual moment (in-lb/in)
N rotor speed (RPM)
91 Q I 1 Q 2 weight flow rate (lb/sec) 	 12 p RT
Q seal leakage flow rate (dimensionless) _	 Q2	 3
R gas constant (in2 /° R-sect)	 p h
R radius (in.)
R. seal inner radius (inch)
Ro seal outer radius (inch)
R m SEAL mean radius of thrust collar and seal (inch)
Ri+Ro
R' mean radius of seal =	 2	
(inch)
R
S seal ring radius (inches)
T, T 1 , T2 , etc. temperature (°R or °F)
T tension load (lb)
T actuation torque (in-lb)
TR surface temperature of rotor (°F)
Ts surface temperature of segment (°F)
AT temperature change across thickness ('F)
U velocity (in/sec)
V mean-velocity in vibration excursion (ft /sec)
V volumetric flow (SCFM)
W, W 1 , W 2W3 , W4 seal or bearing reactions (lb/in)
W, W 1 , W2 dimensionless seal or bearing loads
X coordinate axis
Xi , X2 , X3 tolerance dimension (inches)
X 1 , X2, X3 displacement (inches)
coordinate axis
Y outside diameter of OC seal primary face (inches)
Z coordinate axis
'	 I
V
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Lower Case Symbols
a orifice radius (inches)
a' 1/2 length of shoe segment of 3.6 inches (inches)
a thermal coefficient (in/in/'F)
an angular runner deformation (radians)
a thermal expansion coefficient of rotor (in/in n' F)
a thermal expansion coefficient of segment (in/in-°F)S
leakage flow path length (inches) i
b l ... b4 width dimension (inches)
c pad length (inches)
c1, c2 , c 3 .... _segment pressure force moment area (inches)
d distance from c diaphragm edge to seal face (inches)
f friction coefficient (dimensionless)
g gravitational constant (in/sec t )
g mass flow through double knife edge (lbs-sec/in.)
h, ho, h l — 'etc film thickness (inches)
llmin minimum gas film thickness (inch)
hT min combined mode minimum film thickness (inch)
hR 
`r"°
minimum film thickness resulting from residual moments (inch)
RMk
mean film thicknessresulting from residual moments (inch)
ratio  of air specific heat
kf stiffness of air film (lb/in)
ks support stiffness (lb/in)
1 net change in axial film thickness (inches)in flow per unit length (lb-sec /in2
ml, m2 mass flow through leakage path at downstream and upstream
sections per orifice, respectively (lb-sec/in)in
mass flow rate through orifice (lb-sec/in)
m l carrier mass (lb-sect /in)in seal ring mass (lb-sec t /in)
n number of orifice holes
9 n operational mode (1, 2, 3, ...etc)
p, p l , p2 .... etc. pressure (psi) 7-
pi intermediate step pressures (psi)
P i
t,
Pi arbitrary pressure in equation rlj
pj
heat	 (Btu/unit time)generationq
rB radius at which FB acts (inches)
rM' radius at which FM acts (inches)
rT o radius at which FT o acts (inches)
r.. pressure ratio = p /p^
rr.	 ,	 itl	 2
P	
plpressure ratio defined by	
,	
and
	
, respectively
P,	 P2
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t	 thickness (inches)
t	 radial depth of segment (inches)
u	 axial thermal displacement (inches)
u l	transverse seal ring displacement (inches)
u 2	 transverse carrier displacement (inches)
un	 dynamic seal ring transverse response to runner deformations
an and en (inches)
v radial thermal displacement (inches)
V vena contracta coefficient (dimensionless)
w flow rate (lb/sec)	 Xc
xC dimensionless center of pressure = -----
x* centroid, x coordinates (inch) 	 b
x center of pressure = bx
c
 (inches)
x centroid, x coordinate (in)
x l , x2 , x 3 rigid body displacements (inches)
y, distance from seal face to primary element centroid (inches)
y^ centroid "Y" coordinate (inches)
-y I' Y2' Ys force moment arms (inch)
r
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Greek Symbols
a seal tilt angle (radians)
a coefficient of thermal expansion (in/in/°F) -.
an
dynamic seal ring angular response to runner deformation en
and S
On
n
static seal ring angular response to seal ring deformation r m
d ,q.,
S
n
thermal radial mismatch (inches)
S initial transverse deformation of rotor surface (inches)
S bellows deflection (inches)
b carrier excursion (inches)
5b radius increase due to thermal bowing (inches)
b C centrifugal growth (inches)
b f frequency amplitude (inches)6 dynamic seal ring transverse response (inches)5 nth component of dimensionless, initial transverse rotor
deformation. (inches)
5 t differential growth due to temperature and material differences(inches)
IF initial angular rotor deformation (radians)
e n nth component of initial angular rotor deformation (inches)
z initial angular deformation of seal ring (radians)
Tn nth component of initial angular deformation of seal ring (inches)
6 seal tilt angle due to restraining effect of OC springs (radians)
9 angle of carrier rotation (radians)
V frequency (rad/sec)
v l ,v2 critical system frequency (rad/sec)
vo operating frequency (rad/sec)
Vni ,vn2 natural frequencies of flexible seal. ring (rad/sec)
hY bearing compressibility number, 6µVb/ph2
µ viscosity (lb-sec/in')
µB friction coefficient at seal face
µM friction coefficient at journal
'LTC friction coefficient at thrust collar
92 mass density of the upstream gas (lb-sec' /in')
angular deflection of seal (radians)
P aP 1,P 2 ..... mass density (lb-sec? /in 4 )
6 B	 - bending stress of C diaphragm (psi)
a direct stress of C diaphragm (psi)
net angle between rotor and seal ring (radians)
CJ angular speed _(rad/sec)
wn ratio of unit dynamic load to film stiffness (dimensionless) At
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